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Chapter 1.  Background and Introduction 
 
This chapter provides background information on the research that was conducted throughout the 
course of this study.  An introduction is given on the objectives of this research and its 
importance.  Additionally, an overview of the study that was conducted and its presentation are 
provided. 
 
1.1 Background 

1.1.1 Historical Review of Wind Energy  

The purpose of the research conducted for this project is the advancement of knowledge and 
capabilities in the area of wind turbine blade fatigue testing.  It is not possible to properly discuss 
the contributions made by this research without first introducing the reader to wind turbine blade 
testing.  Prior to discussion of the current wind systems, a historical review of the use of wind 
energy will be presented. 
 
The Persians built the first (recorded) windmills around 900 A.D. [1-4].  These vertical axis 
windmills were not very efficient at capturing the wind’s power and particularly susceptible to 
damage during high winds.  During the Middle Ages, wind turbines began to appear in Europe 
[5-7].  These turbines resembled the 4-bladed horizontal axis windmill typically associated with 
Holland.  The applications of windmills in Europe included water pumping, grinding grain, 
sawing wood and powering tools.  Like modern wind turbines, the early European systems had a 
yaw degree of freedom that allowed the turbine to turn into the wind to capture the most power.  
The use of windmills in Europe reached their height in the 19th century just before the onset of 
the Industrial Revolution.  At this time, windmill designs were beginning to include some of the 
same features found on modern wind turbines including yaw drive systems, air foil shaped 
blades and a power limiting control systems [8-10]. 
 
With the advent of the steam engine, the use of windmills as a power source began to decline.  
Wind turbines continued to evolve but without much application until after World War II.  
During the 1950’s, Johannes Juul developed the Gedser turbine [11-13].  This 3-bladed upwind 
turbine was the predecessor of modern wind turbines including such features as aerodynamic 
stall regulation of power, an electromechanical yaw drive and asynchronous power generation.  
 
Public and private interest in wind energy increased in the 1960’s as environmental concerns 
about fossil fuels and pollutions began to emerge.  Significant wind energy research was not 
conducted in the U.S. until the Oil Crisis of the mid-1970s.  Under the Carter administration, the 
Department of Energy sponsored several wind energy research programs [14, 15] but in the early 
1980’s, these programs were cancelled due to changing political ideologies.  Following the 
California Wind Rush (1980-1985) during which thousands of wind turbines were installed in 
California, there was a decline in U.S. involvement in the wind industry.  Most activity related to 
the development of wind energy shifted toward Europe where subsidies in Denmark and 
Germany have resulted in significant increases in the installed wind energy capacity since the 
mid-1990s.   
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Wind turbines have continued to evolve over the past 20 years and the overall cost of energy 
required to produce electricity from wind is now competitive with traditional fossil fuel energy 
sources [16, 17].  This reduction in wind energy cost is the result of; improved aerodynamic 
designs, advanced materials, improved power electronics, advanced control strategies and 
rigorous component testing.  This research will focus on improving current component testing 
methods.  This project will help to reduce the cost required to produce energy from wind by 
improving upon current testing methods and introducing a test loading method to properly 
perform fatigue testing of wind turbine blades.  Additionally, the research conducted for this 
project will make it feasible and more economical to test the next generation of wind turbine 
blades. 
 
1.1.2 Historical Review of Blade Fatigue Testing 

As shown by the previous section, modern wind energy technologies are still very new.  
Although the idea of using wind to produce power has existed for centuries, modern wind 
turbines have only existed for approximately 25 years.  The next section will show that the 
evolution of wind turbines on going.  Similarly, the methods used to test wind turbine blades are 
rapidly evolving.  The purpose of this research project is to develop an advanced testing method, 
to gain a better understanding of the interaction between the flap and lead-lag forces and to 
evaluate the impact that this interaction can have on fatigue testing.  Each topic is important and 
their contributions will be discussed below. 

1.1.2.1 History of Fatigue Testing Methods 
 
The blades of a wind turbine are generally considered to be the most critical component of the 
wind turbine system [18].  The fundamental purpose of performing fatigue tests on wind turbine 
blades is to demonstrate that a blade, when manufactured to a certain set of specifications, has 
the prescribed reliability and service life [19-22].  Historically, only a limited number of full-
scale fatigue tests are conducted for any specific blade design and this evaluation is not intended 
to replace the detailed analysis required to manufacture reliable blades.  Practical and economic 
considerations have traditionally prevented test conditions from representing load cases that were 
evaluated analytically.  In most cases, a single equivalent load case is applied during testing.  
The equivalent load case is calculated from experimental or design load conditions and includes 
magnification factors to account for factors not accounted for during fatigue testing [23].  
Worldwide there are only five facilities that perform full-scale structural blade testing.  These 
facilities employ only two testing systems; a single-axis resonance excitation system and a dual-
axis forced-displacement system [24-26]. 
 
Wind energy research began at the National Renewable Energy Laboratory (then called the Solar 
Energy Research Institute) in 1976.  In 1990, NREL began structural testing wind turbine blades 
[24].  By 1994, a new test facility capable of testing 28-meter blades was operating at NREL.  As 
shown in section 1.1.3, the typical size of wind turbine blades has grown past the current testing 
capabilities at NREL.  For smaller wind turbine blades, the bending moment in the flap direction 
is the predominate fatigue factor [27, 28].  As blades have increased in size, the lead-lag bending 
moment, influenced primarily by blade weight, became a significant factor in damage 
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calculations.  In response, NREL developed a dual-axis fatigue test system in 1999 [29].  This 
system, like the previous single-axis test system, uses constant amplitude displacements to apply 
the damage cycles.  At the beginning of this research project, NREL’s dual-axis fatigue test 
system represented the most advanced system in use for testing wind turbine blades.  NREL’s 
fatigue test system is very similar to systems used by several other testing facilities, such as Delft 
University [30, 31].  The current test systems will be described in more detail in section 1.3 and 
Chapter 5. 
 
The first wind turbine blade testing facility was built in the early 1980’s in Denmark [25, 32].  
RISO National Laboratory built a blade test system that uses resonance excitation to apply 
damage cycles to the blade in a single direction.  This same single-axis concept is still used by 
RISO to test larger modern blades despite the fact that the lead-lag and flap forces are similar in 
magnitude and international blade fatigue testing standards state that a dual-axis testing is more 
accurate [23]. 
 
Structural testing is not a discipline unique to the wind turbine industry.  Automotive, 
infostructure and aerospace industries also perform structural testing [33-35].  Single-axis 
resonance tests have been used in the aerospace industry to test wings in the past [NACA (1938), 
36] but both the automotive and aerospace industries began applying spectral loads for fatigue 
testing years ago [(1968), 37].  Current test methods in these fields are much more sophisticated.  
Typical aerospace structural fatigue tests are conducted by measuring loads during operating 
conditions and then applying the filtered load time history directly to the structure at multiple 
locations [38].  For automotive fatigue testing, the same procedure is used except that the loads 
can be applied to the vehicle via a test track designed with specific loads histories or by using 
hydraulic actuators [39-41].  The duration of the tests is reduced either by increasing the load 
magnitudes (based on a damage model), increasing the frequency of load application or both.   
These test methods are more representative of operating conditions than the method currently 
used to determine equivalent loads for wind turbine blade tests.  Economic considerations have 
prevented the use of similar test methods for use with wind turbine blade testing.  

1.1.2.2 History of Stochastic Wind Load Research 
 
Wind applies deterministic and stochastic loads to many structures including buildings, bridges 
and, of course, wind turbines.  For wind turbines, the deterministic component of the wind loads 
includes wind shear, and aerodynamic forces [18].  The stochastic component is created by 
turbulence [42].  Turbulence is accounted for in analysis by simulating a three-dimensional wind 
velocity vector using programs such as SWING4 (Stochastic WINd Generator [43]), SNLWIND-
3D (1993 [44, 45]) or the updated version of SNLWIND-3D called SNWIND (2001 [46]).  
These programs are based on the von Karman neutral flow energy spectrum [47] in combination 
with Taylor’s frozen turbulence hypothesis [48], as directed by the IEC standard [23].  Other 
energy spectra are being considered to represent the turbulent wind loading [49] but the above 
method represents the current industry standard approach for turbulence effects and has been 
used in this analysis. 
 
Based on experimental evaluations of stochastic wind loading, loading spectra for wind turbines 
were created as early as 1987 [50].  The WISPER (WInd SPEctrum Reference) spectrum was 
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developed to simulate loading in the flap direction (normal to the plane of rotation) [50].  This 
spectrum was based on load measurements taken at nine different wind turbine locations around 
Europe.  This spectrum included a large number of test cycles that caused little damage.  As a 
result, this spectrum required long test durations in order to apply the appropriate damage that 
would be expected during operation.  A new version of the spectrum, WISPERX, was created by 
removing 90% of the least damaging load cases from the WISPER spectrum [51].  This spectrum 
was later compared to data collected from U.S. wind sites and found to be compatible [52].   The 
WISPERX spectrum has been used for a number of purposes in the design and evaluation of 
wind turbine blades and related materials.  One area were this loading has been used is in the 
prediction of design loads for the next generation of wind turbines blades [53-60].  For this 
analysis, Palmgren-Miner’s rule is normally used to evaluate the spectrum’s effect on damage.  
The WISPERX load spectrum has also been used is for the experimental evaluation of material 
coupons [61-63].  This experimental work has lead to a number of questions about using load 
spectra for full-scale testing.  The results of the experimental coupon tests indicate that load 
sequencing is important but Miner’s rule [64] is not capable of addressing this issue.  Without an 
industry accepted damage accumulation model capable of accounting for sequence effects, full-
scale testing with spectra loads has not been widely accepted.  Another issue surrounding load 
spectra is that the test load magnitudes are generally increased to result in the desired amount of 
damage at a specific number of cycles (e.g. 3 million cycles).  Amplifying the entire WISPERX 
spectrum so that the cumulative damage is equal to a targeted value may result in some loads that 
are greater than the static strength of the blade.  Truncating the larger loads (and amplifying the 
loads to compensate) results in a narrow load spectrum.  Typically, a constant amplitude load 
case is used with a magnification factor applied to account for the absence of a load spectrum 
[23].  The same procedure is used to account for aspects such as humidity, temperature and light 
exposure, which are not controlled during fatigue testing. 
 
Given that wind loads contribute a stochastic input to wind turbine blade damage, this aspect 
cannot and is not ignored for the design [65-67].  Since Miner’s rule is used to analyze the 
damage accumulation during the design phase, it is possible to evaluate the influences of spectra 
loading during the design phase without considering sequence effects.   
 
With that said, it is important to recognize that all of the analysis conducted up to this point with 
respect to spectral loading has been conducted in the flap direction only.  The purpose of this 
research project is to evaluate the effects of real time variations of the interaction between the 
flap and lead-lag forces as they relate to full-scale blade fatigue testing.  This aspect of the 
problem has not been considered before and will be addressed by the research presented in this 
document. 

1.1.2.3 History of Flap and Lead-Lag Load Coupling 
 
Since wind turbine fatigue testing systems have only recently begun to include both axes (as 
discussed above), it is not surprising that the influence of the interaction between the flap and 
lead-lag forces on the damage accumulation is not well understood.  In general, it is understood 
that the phase angle between the sinusoidal flap test loads and the sinusoidal lead-lag test loads is 
important, but prior to the research project presented in this dissertation, there had been no 
analysis conducted to determine the actual phase angle experienced during operating conditions.  
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Also, no detailed analysis had been computed on how varying the phase angle during testing 
would affect damage accumulation.  In fact, there did not exist a definition with which to even 
evaluate the phase angle during operating conditions before this project.  The phase angle 
between two sinusoidal functions (as with the test loads) is easily defined but, as will be shown 
in Chapter 3, the operating loads are not sinusoidal.  As such, a definition for phase angle was 
created and will be present in Chapter 3.  Prior to this research, the only previous work regarding 
the influence of load phase angle was an experimental study performed by Musial et al. (2001, 
[68]) where two fatigue tests were performed on the same blade using a 0-degree phase angle 
and then a 90-degree phase angle.  The test conducted with a 0-degree phase angle resulted in 
failure an order of magnitude earlier than the test conducted with a 90-degree phase angle. 
 
The phase angle between the flap and lead-lag forces is certainly important for testing but is not 
a term that would be relevant for the analysis of the design.  For the analysis of a wind turbine 
blades design, the time histories of the forces in the flap and lead-lag directions are applied 
simultaneously to a finite element model of the blade [66].  So, the influence of the interaction 
between the flap and lead-lag forces on the accumulated damage is accounted for during the 
design process.  The discrepancy in the current test method is that this interaction is not properly 
accounted for during the fatigue testing of wind turbine blades.  Without the financial resources 
and overall industry maturity to be able implement the fatigue testing systems used by the 
aerospace and automotive industries, the wind turbine blade industry has simplified the loads to 
two constant amplitude forces with a constant phase angle between the loads throughout the 
entire endurance test.  As this research will demonstrate, this is an oversimplification of the 
problem that results in non-conservative test results.  As the wind energy industry continues 
evolve, it will become increasingly critical to test wind turbine blades accurately so that reduced 
cost of energy targets can be achieved. 
 
1.1.3 Introduction to Modern Wind Energy 

Over the past 20 years, wind turbines have evolved and are now cost competitive with traditional 
energy sources.  By increasing the swept area of the turbine, improving manufacturing processes, 
and taking advantage of recent technological advances, the cost required to generate power from 
wind turbines has decreased from 40 cents per kilowatt-hour in 1979 to as low as 4 cents per 
kilowatt-hour in 2000 [69, 70].   
 
This cost decline for wind power has been accompanied by a rise in environmental concerns 
surrounding conventional sources of energy.  Together these two factors have spurred the 
demand for wind power.  As shown in Figure 1-1, the cumulative wind power generation 
capacity in the world has grown steadily.  Wind energy is the fastest-growing energy source with 
a worldwide annual growth rate of 29% over the past five years [71].  Wind energy constitutes a 
global market of $5 billion (U.S. Dollars) in annual sales.  European countries such as Germany 
and Denmark have been responsible for a large portion of the increase.   
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Figure 1-1. Worldwide wind energy generating capacity: 1981-2001 

 
Advances in technology and materials have contributed to greater efficiency of wind turbines.  
Part of this efficiency has been achieved by increasing the size of modern wind turbines.   
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Figure 1-2. Typical wind turbine (NREL/PIX09990) 
 
Like the 1.5-MW wind turbine shown in Figure 1-2, most turbines have a horizontally mounted 
hub with two or three blades.  As the blades become longer to capture more power, the static and 
dynamic loads on the blades and other components increase.  In general, a blade for a 1.5-MW 
turbine is 34 meters in length or greater and weighs as much as 6,000 kg (13,200 lbs). 
 
As shown in Figure 1-3, current trends indicate that wind turbines will continue to increase in 
size.  The primary motivation for ever-larger rotors is the push to develop offshore wind turbine 
generation.  Offshore wind generation sites are especially of interest in Europe where land-based 
sites are more rare.  Offshore turbines have fewer transportation and erection constraints with 
respect to land-based systems, and due to high offshore foundation costs, larger rotors are 
advantageous.  As the market for offshore systems has developed, land-based systems have thus 
far followed suit. Designs for 5-MW turbines are currently being developed, and larger machines 
may follow.  Longer blades will encounter greater loads, which will exceed the capacity of 
current testing facilities. 
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Figure 1-3. Wind turbine power and rotor diameter trends 
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1.2 Wind Turbine Blade Construction 

Most wind turbine blades are fabricated using reinforced fiberglass composite materials 
with epoxy or vinyl ester matrices.  Single or double shear webs are usually combined 
with planks of unidirectional laminates to form integral I-beam or box beam structures 
that carry the loads along the blade’s span.  Wide panels use foam or balsa sandwich 
construction to prevent buckling instabilities.   The blade structure transmits aerodynamic 
and inertial forces along the span into a steel hub that connects to the rotating drive 
system.  A composite airfoil shape generally transitions to a circular section near the 
blade root, which comprises some method for joining the blade and hub.  The 
culmination of high bending loads, rapid geometry changes, thick laminates, varying 
materials, and wide panels make the root area particularly vulnerable to both fatigue and 
buckling failures.  Full scale testing has become the prudent means of reducing the risk of 
undetected structural problems in production.   
  
Until recently, hand lay-up fabrication was the dominant manufacturing method.  Resin 
infusion, prepreg, and vacuum-assisted resin transfer molding (VARTM) processes are 
quickly displacing the wet lay-up methods. This trend is being driven by a maturation of 
the industry, which now recognizes the benefits of controlling construction tolerances, 
overall part consistency, and reduced emissions without large cost penalties in 
industrialized countries.  Wind turbine standards organizations have also played a part by 
making the path to blade design certification easier when advanced manufacturing 
processes are used.   
 
As blades grow longer, power production increases with the swept area of the rotor disc, 
or by the square of the blade length.  For the same blade design, scaling studies predict 
that blade weight will grow by a power of 2.9.  However, actual blade weight has grown 
historically at a power of 2.4 with respect to blade length [72]. The attenuation of this 
trend has been attributed directly to the application of more efficient designs and new 
technologies, such as improvements in manufacturing.  Nevertheless, blades are 
becoming heavier.  If the trend toward larger rotors and longer blades is to continue, 
further innovations in materials (e.g. carbon fiber), manufacturing, and load-relieving 
designs must be introduced to reduce weight.  All these innovations will require blade 
test validation. 
 
1.3 Blade Fatigue Testing 

In an effort to improve the reliability of wind turbines, a variety of tests are conducted at 
research facilities around the world.  Testing is conducted on material samples, 
components such as the gearboxes and blades, and the complete wind turbine system.  
Coupons tests are used to evaluate new and different composite materials that are used in 
the construction of wind turbine blades.  This information is generally applied to finite 
element models to evaluate and modify the overall blade design.  Structural testing of the 
complete wind turbine blade is used to validate the blade properties used in the FE model, 
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determine if manufacturing defects may exist in the blade, and potentially to certify the 
blade design. 
 
As blades have become longer, heavier, and more expensive, the importance of fatigue 
testing has also increased.  At the same time, test methods that were developed for 
smaller blades have become more expensive and less effective.  Single-axis fatigue tests 
were developed for the testing of smaller blades by several research facilities.  For small 
relatively light wind turbine blades, wind loads in the flap direction are much greater than 
gravity loads, which occur in the lead-lag direction.  As a result, strain profiles for a 
single-axis fatigue test should approximate the actual design loads for smaller blades.  By 
taking advantage of a blade’s resonant response, it is possible to conduct single-axis 
fatigue tests more accurately, cheaper and faster.  As a result, some research facilities 
developed a single-axis fatigue test using an electric motor spinning an eccentric mass.  
As blades have increased in length and weight, gravity loads have increased at a faster 
rate than wind loads [73].  Subsequently, the flap and lead-lag loads are now of the same 
scale and it is not prudent to disregard either of the loads.  In order to accurately test the 
blades, at least one research facility has developed a dual-axis fatigue test capable of 
testing blades up to 37 meters long.  The dual-axis test system uses hydraulic actuator to 
apply loads at a single blade span station in the flap and lead-lag directions.  The 
displacements of the tip in the flap and lead-lag directions are constant amplitude 
sinusoids with a constant phase angle between them. 
 
As a result of the research conducted in this thesis, a new method of testing wind turbine 
blades had been developed.  The new method uses resonance excitation in the flap 
direction to reduce the cost and time required to perform a full-life fatigue test.  By using 
hydraulic actuators instead of an eccentric mass to excite the blade in the flap direction, 
the new system will be able to regulate the blade flap displacement independently of the 
excitation frequency.  This allows the new test method to combine resonance excitation 
and dual-axis fatigue testing for the first time.  After an in-depth analysis of blade loads, a 
progressive time history of the phase angle between the flap and lead-lag displacements 
has been developed that will provide more realistic testing conditions than the current 
constant phase angle.   
 
1.4 Scope  

The primary goals of this research are to: 
1. Determine appropriate wind turbine size to be used in this analysis, 
2. Obtain simulated wind turbine blade bending moment time histories in the 

flap and lead-lag directions, 
3. Create a definition for the relationship between the two blade loads, 
4. Evaluate the phase relationship between the flap and lead-lag bending 

moments for the target wind turbine blade size for various wind speeds and 
determine an aggregate phase angle distribution representative of general 
operating conditions, 

5. Use a finite element model of the target blade to evaluate the influence of the 
phase relationship between the bending moments on the nodal strains, 
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6. Use Miner’s Rule to determine the possible impact on fatigue lifetime 
predictions of switching from the constant phase angle fatigue tests currently 
used by the wind turbine industry to a variable phase angle fatigue test 
representative of the phase angle distribution determined by this research 
project, 

7. Determine an appropriate phenomenological fatigue damage model for 
composite blade material and determine the appropriate model parameters 
using the Department of Energy material database, 

8. Evaluate the influence of phase sequencing on the accumulation of fatigue 
damage,  

9. Optimize the phase time history with respect to total damage accumulation 
using a conjugate method optimization routine, 

10. Propose a phase time history for use with variable phase angle fatigue testing, 
11. Analyze current blade fatigue testing methods and their performance, 
12. Determine blade properties (EI, damping ratio, etc.) for target wind turbine 

blade and build a beam finite element model of the blade in the test 
configuration, 

13. Analyze a new fatigue testing method that has been developed as part of this 
research project and compare its performance to current testing systems, 

14. Perform an optimization of the new test system with respect to test bending 
moment distributions, 

15. Create a dynamic model of the blade and test system, 
16. Design and evaluate the performance of a PID controller for constant phase 

angle fatigue tests and for variable phase angle fatigue tests, 
17. Design and evaluate the performance of a full-state feedback controller for 

constant phase angle fatigue tests and for variable phase angle fatigue tests, 
18. Analyze, design and build the new test system and related hardware, 
19. Evaluate the new test systems performance on an actual blade, 
20. Establish the limitation of this analysis and make recommendations for future 

analysis and testing improvements. 
 

1.5 Thesis Organization 

This thesis consists of eight chapters. 
• Chapter 1 covers the introduction, background and research objectives. 
 
• Chapter 2 evaluates the challenges associated with the wind industry, evaluates 

the data ultimately used in this analysis and explains how the data was created.  
The wind industry is still in its developmental stages and modern horizontal axis 
turbines are changing to meet industry demands.  The formative nature of the 
industry is illustrated by the fact that until 1996 research was still being conducted 
on vertical axis wind turbines called Darrieus turbines.  It is within this 
continually evolving environment that this project has been conducted.  With 
these considerations, a snapshot of the current loading conditions on wind turbine 
blades has been presented and evaluated.  This analysis shows that the simulated 
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data used for this research project is representative of data for turbines of similar 
scale.  

 
• Since Chapter 2 shows that the data sets used in this analysis is a valid 

representation of blade loads, the data sets were used to evaluate the relationship 
between the flap and lead-lag forces.  Chapter 3 presents the analysis and results 
of the relationship and its potential influence on full-scale fatigue testing.  Since a 
similar analysis has never been conducted before this research project, a term to 
define the relationship between the loads has been created.  As such, the term 
“phase angle” was used for this research and was defined to mean the change in 
rotor angle between the occurrence of the maximum flap bending moment and the 
maximum lead-lag bending moment.  From this research, it has been determined 
that the phase angle has an approximately Gaussian distribution for each wind 
speed.  When the results are complied into a single aggregate distribution, the 
mean and standard deviation of the phase angles are 72 degrees and 54 degrees.  
Since current full-scale blade fatigue tests are conducted using a single-phase 
angle, it was expected that a variable phase angle test based on the newly 
determined phase angle distribution would produce significantly different damage 
accumulation results.  This expectation was confirmed by analyzing the two test 
configurations using a three-dimensional finite element model of a 1.5 Mega-Watt 
wind turbine blade.  The results indicate that the single-phase angle fatigue test is 
non-conservative compared to the variable phase angle fatigue test and the single-
phase angle test has a lower probability of detecting material defects.  

 
• Throughout Chapter 3, the influence of variable phase angle testing was compared 

to that of single-phase angle testing with the application of Palmgren-Miner’s 
rule.  Chapter 4 further analyzes the influence of variable phase angle testing but 
with respect to sequence effects.  In order to perform this analysis, a nonlinear 
damage accumulation model was derived that is capable of demonstrating the 
influence of phase angle sequencing.  The nonlinear model was tuned by fitting 
the model parameters based on the material database maintained for the 
Department of Energy (DOE).  The results of this analysis indicate that lumping 
similar phase angles together will produce less damage than spreading out the 
phase angles throughout the complete fatigue test.  It should be noted that this 
results is dependent on the exponent used for the nonlinear model.  For glass-fiber 
composites, the model exponent has been experimentally determined to be less 
than 1.0.  If another material is used and the model exponent for the new material 
is greater than 1.0, the most damaging case will occur when similar phase angles 
are lumped together. 

 
• Chapter 5 describes current fatigue testing systems used to test wind turbine 

blades and a new test system developed as part of this project.  This chapter 
details the reasons why a new system is needed as well as the design and benefits 
of the new system.  Using a beam finite element model of a target blade and an 
optimization routine written for this project, the new test system has been 
demonstrated to perform as well or better than any existing test system.  Based on 
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this analysis the new test system will reduce the energy required to perform a full-
scale fatigue test of a wind turbine blade by more than 60% (i.e., the energy 
savings per test is sufficient to power over 100 households for one year).  

 
• Chapter 6 describes the dynamic model used to simulate the new test system, as 

well as the design and analysis of the controller.  A beam finite element model 
was used to calculate the first two eigenvalues of the system.  The nonlinear 
interaction between the flap and lead-lag actuators was modeled and included in 
the dynamic analysis.  A PID controller was simulated for the single-phase angle 
and variable phase angle test conditions and shown to be stable for the single-
phase angle test condition only.  A full-state feedback controller was designed for 
the variable phase angle test condition and was shown to be stable once the 
eigenvalues were properly placed using pole placement. 

 
• The analysis in Chapter 6 shows that a dual-axis test system using resonance 

excitation is possible while the analysis in Chapter 5 shows that the envisioned 
system is more accurate and practical than any existing system.  These hypotheses 
were experimentally validated by building and testing the new system.  As shown 
in Chapter 7, the new test system can replicate the strain measurements of the 
current forced-displacement test system while using a fraction of the energy 
consumption.  Also shown is that the response of the system using a PID 
controller is stable during normal operation. 

 
• In Chapter 8, the summary, conclusions and recommendations for future research 

are presented. 
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Chapter 2.  Wind Turbine Overview and Wind Turbine Blade 
Loads 
 
This chapter provides information on basic wind turbine terminology, applicable loads, 
and some of research programs currently being conducted.  Data simulated as part of the 
WindPACT program will be used to analyze blade deflections.  A basic analysis of loads 
and factors effecting wind turbines have been conducted to demonstrate that the data set 
used for analysis in this research is representative of operating conditions. 
 
2.1 Introduction 

Power stored as kinetic energy in wind is the result of solar heating of the earth.  The sun 
heats the earth’s surface unevenly resulting in air flowing from high-pressure zones to 
low-pressure zones.  Using wind turbines, it is possible to convert the kinetic energy into 
electricity.  As shown by Equation 2.1, the amount of wind power stored in a circular 
cross-section of air with perpendicular wind speed depends on the wind speed, air density 
and cross-section area [74].   
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2
1 rvP πρ=      (2.1) 

Where, 
     P = power 
     ρ = air density 
     v = wind speed 
     r = rotor radius 
 
From the above equation, it can be seen that the power available varies cubically with 
wind speed but linearly with area.  In order to collect the most power from a given wind 
turbine, the turbine should be placed in a location where high winds frequently occur.  
However, the locations where high winds typically occur are not necessarily the same 
location where most electricity is consumed.  As shown in Figure 2-1, high wind speeds 
(shown in dark) occur infrequently.  Locations with class 5 or higher wind conditions 
occur on approximately 1% of the contiguous U.S. 
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Figure 2-1. Average wind power distribution [75] 

 
Production of electricity represents only part of the problems facing the wind industry.  
Once electricity has been produced, it must be transmitted from the place of origin to the 
place of consumption.  As shown by Equation 2.2, the transmission loss of power 
increases linearly with the transmission distance. 
 

A
lIPloss

ρ2=      (2.2) 

Where, 
     Ploss  = power lost to heat 
     I  = electrical current 
      ρ = resistivity of power line 
     A  = cross-sectional area of power line 
 
As shown in Figure 2-2, the locations of consistently high wind speeds (shown above) are 
generally not located near locations of peak energy consumption (large population 
centers).  As a result, wind turbines placed at locations of high wind speeds will require 
long transmission distances and subsequently higher transmission losses than wind 
turbines placed near large population centers. 
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Figure 2-2. Contiguous U.S. population distribution (750,000 people per dot) [76] 

 
While modern wind turbines can produce electricity for approximately 4¢ per kWh at 
class 6 wind sites (6.7 meter/second average wind speed), the average distance from class 
6 wind sites to major population centers is approximately 500 miles.  Although class 4 
wind sites (5.8 meter/second average wind speed) cannot produce as much power per 
wind turbine as class 6 sites, they are much more common and have an average distance 
to major population centers of 100 miles.  The desire to make lower wind speed regions 
more economically advantageous is one reason that wind turbines have continued to 
increase in size.  As shown in Equation 2.1 above, the swept area of the wind turbine 
must increase in order to capture the same amount of power for a slower wind speed. 
 
As shown in Figure 2-3, improvements in technology and design have reduced the cost of 
wind energy substantially during the past 10 years.  Further research and testing of wind 
turbines and their components will make wind energy even more competitive. 
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Figure 2-3. Wind energy cost trends [77] 

 
2.1.1 Wind Turbine Designs 

Wind turbine designs are typically broken down into two major categories; horizontal 
axis and vertical axis.  Vertical axis turbines are not commonly used to produce power 
but they do exist and have some advantages for specific uses.  There are two types of 
vertical axis turbines; drag-based and lift-based.  Drag-based vertical axis turbines consist 
of radially mounted shapes that have higher drag coefficients in one direction than the 
other.  Drag-based turbines are limited in application because the tip speed of the turbine 
cannot exceed the wind speed.  As shown in Figure 2-4, a cup anemometer, commonly 
used to measure wind speed, is a good example of a drag-based vertical axis turbine.   
 



 

 18

 
Figure 2-4. Cup anemometer 

 
Lift-based vertically axis turbines have been studied and commercially built for power 
generation.  As shown in Figure 2-5, the Darrieus turbine has radially positioned airfoils 
that use lift to generate tip speeds greater than the wind speed.  The generator for this 
system is located at ground level which reduces maintenance costs.  This system is prone 
to vibration problem resulting from the resonance frequency for the airfoil structures 
being at or below the operating frequency.  Also, the torque at start up is very low and the 
turbine may require an initial boost to start operation.   
 

 
Figure 2-5. Darrieus vertical axis wind turbine [78] 
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As shown in Figure 2-6, lift generated by the airfoils has a tangent component resulting in 
a turning moment.  Using lift allows the turbine to operate with tip speed greater than 3 
times the wind speed.  The shapes of the airfoils on the Darrieus turbine are designed to 
minimize bending moments during operation.  While this turbine design has some 
advantages, it has not been generally accepted by the wind industry and it does not appear 
that this turbine will be widely used in the future.  

 
Figure 2-6. Darrieus turbine lift and drag forces 

 
All utility scale wind turbine currently being installed are horizontal axis machines.  This 
style of turbine also comes in two varieties; upwind and downwind turbines.  Downwind 
turbines are cheaper than upwind turbines for several reasons.  Upwind turbines require 
yaw drives to position the propeller into the wind.  Also, upwind turbines must have 
stiffer blades to prevent them from hitting the turbine’s tower during high winds.  Figure 
2-7 shows a schematic of a downwind turbine.  Downwind turbines typically have a yaw 
bearing that allows the nacelle to rotate like a weathervane into the best position for 
power production.  This is called “free yaw.”  Pitching the blades controls the rotational 
speed of the rotor and the operating efficiency. 
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Figure 2-7. Horizontal axis downwind wind turbine 

 
Upwind horizontal axis turbines operate in a similar manner as the downwind variety 
except that they require additional hardware and design constraints.  As shown in Figure 
2-8, upwind turbines are controlled using a yaw drive system located between the tower 
and nacelle.  Upwind turbines have the advantage of capturing the wind energy before it 
passes through the tower.  Wake turbulence generated by the tower reduces the amount of 
power that can be captured by downwind turbines and increases the dynamic load on 
downwind turbine blades.  Low frequency noise generated by the blades passing through 
the tower wake has stigmatized this concept. 
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Figure 2-8. Horizontal axis upwind turbine [79] 

 
Horizontal axis turbines generally are produced with two or three blades.  Two-bladed 
systems have periodic variations in some dynamic properties such as the yaw moment of 
inertia and require larger rotor diameters or higher rotor speeds to generate the same 
power as three-bladed systems.  Two-bladed systems are also less expensive and lighter 
than three-bladed system.  Since the installation cost of wind turbines is a primary 
deterrent for even greater wind power installations in the U.S., two-bladed systems are 
currently being carefully considered.  Three-bladed systems have been used with good 
success in Europe and the U.S. and represent most of the current commercial technology. 
 
2.2 WindPACT Program 

Some of the data used for the research project described in this thesis was generated as 
part of the WindPACT (Wind Partnerships for Advanced Component Technology) 
program.  WindPACT is a DOE (Department of Energy) sponsored research program 
with the objective of reducing the COE (cost of energy) of wind energy by conducting 
research on wind turbine components [80].  This research is primarily intended to help 
reduce the COE for class 4 wind sites to 3¢/kWh by 2007.  The stated goals for the 
WindPACT program are to reduce the cost of wind energy through technological 
advancements, determine the probable scale of future utility-scale wind turbines in the 
U.S., evaluated advanced concepts that are needed to meet WindPACT objectives, 
identify and resolve obstacles that might block industry from embracing promising 
technology, design, fabricate and test selected advanced components, and to support the 
U.S. wind industry by transferring technology from DOE labs.   
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As discussed in Chapter 1, wind turbines continue to grow in size.  As such, the 
WindPACT project has studied the impact of larger turbine sizes on wind turbine 
components including wind turbine blades.  As part of this analysis, a 1.5 MW wind 
turbine blade was modeled using FAST (an aeroelastic analysis code for horizontal-axis 
wind turbines) and a finite model was created using ANSYS.  Since 1.5 MW blades are 
the maximum size that can be tested at the NREL facility, these models were used for 
part of the research described in this thesis. 
 
2.3 FAST Turbine Model 

FAST (Fatigue, Aerodynamics, Structures and Turbulence) is a computer code used to 
simulate the dynamic loads on two- and three-bladed horizontal-axis wind turbines [81].  
The code was developed as part of a contract between NREL and Oregon State.  The 
wind turbine is modeled as a combination of rigid and flexible bodies.  The earth, nacelle 
and hub are modeled as rigid bodies, while the blades, tower and drive shaft are modeled 
as flexible bodies.  The blades are modeled using two flapwise bending modes and one 
edgewise bending mode.  The model has several degrees of freedom including tower 
bending, blade bending, nacelle yaw, nacelle pitch, rotor teeter, rotor speed and drive 
shaft torsion.  FAST uses the AeroDyn computer code developed by Windward 
Engineering to simulate aerodynamic forces along the blade.  Accuracy of the FAST 
model was verified by comparing the simulated results from FAST with the simulated 
results of ADAMS.  The results of this verification were published at the 2001 
AIAA/ASME Wind Energy Symposium [82].   
 
For the research presented in this thesis, the results of FAST simulations for a 1.5 MW 
wind turbine were used.  The simulations were conducted as part of the WindPACT 
program described above.  For this analysis, FAST calculated the dynamic displacement 
of the 1.5 MW wind turbine blades under specific wind speeds and turbulence intensity 
factors.  These displacements were used for the phase angle analysis described later in 
this chapter.   
 
2.4 Wind and Gravity Loads 

2.4.1 Terminology 

Wind turbine blades are primarily subjected to two types of loads; aerodynamic loads 
such as shear, drag, lift, etc., and inertial loads such as gravity, blade dynamics, etc.  
These forces generally occur in orthogonal bending directions; flap and lead-lag.  Flap 
forces are forces out of the hub plane of rotation.  Lead-lag forces are those in the rotor 
plane of rotation.  For a given blade pitch and blade station, the flap and lead-lag 
directions are shown in Figure 2-9.  The relative angle between the airfoil chord and 
plane of rotation vary radially along the blade length.  Since the blade travels in a circle, 
the tangential speed of the blade varies radially along the blade and the twist angle varies 
to control the relative angle of attack. 
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Figure 2-9. Blade bending moment directions 

 
 
 
 

2.4.2 Wind Loads 

Blade bending moments induced by wind loads typically occur in the flap direction.  As 
shown in Figure 2-10, flap forces have stochastic and deterministic components [83]. 

 
Figure 2-10. Flap forces 

 
The stochastic component comes from the variability of the wind, as well as turbulence 
from nearby objects.  The stochastic nature of wind is significant and may not be ignored 
even though this component of the force is considered to have a zero mean.  The 
deterministic component is time invariant, and increases monotonically with height in 
accordance to boundary layer characterization.  Equation 2.3 shows a typical boundary 
layer formula used to calculate the deterministic wind speed as a function of height 
[84,85].  This equation provides a representation of how wind speed changes with height. 
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    v = wind speed at height z 
    vref  = reference wind speed at height zref 
    z0  = boundary layer model tuning parameter 
 
As a result of the deterministic loads, the average location for the maximum bending 
moment should occur when a blade is directly above the hub.  Since the deflection of the 
blade is of primary interest for this analysis, it is important to note that the maximum 
deflection does not necessarily coincide with the maximum force because of inertial 
response time. 
 
2.4.3 Gravity Loads 

For smaller blades, gravity loads were not considered a major source of fatigue.  As 
blades have gotten larger and heavier, the effects of gravity can no longer be ignored.  
Blades for one-megawatt or greater wind turbines weigh more than 4500 kg (10,000 lbs).  
As shown in Figure 2-11, gravity forces and generator torques result in lead-lag loads.  
Additional lead-lag bending moments may be induced by generator torque.  Blade loads 
in this direction have a larger deterministic component.  Because of the airfoil shape, 
wind turbine blades are typically very stiff in the lead-lag direction and higher bending 
moments in the outboard sections are tolerable in this direction compared to flap bending 
moments.  

 
Figure 2-11. Lead-lag forces 

 
2.5 Blade Deflections 

Blade deflections were calculated for a 1.5 mega-watt wind turbine model using the 
FAST computer simulation.  The blade model used for this simulation was created for the 
WindPACT program and does not represent a specific manufacturers blade.  A variety of 
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wind speeds and turbulence intensity factors were considered in this analysis.  For each 
wind speed, the maximum turbulence intensity factor based on IEC (International 
Electrotechnical Commission) standards was calculated and used for the simulations [84]. 
 
The IEC orders external wind conditions into several WTGS (Wind Turbine Generator 
Set) classes.  The classes are defined in terms of wind speed and turbulence parameters.  
The values for wind speeds and turbulence parameters are meant to represent many 
different sites and do not represent a specific location.  For the analysis described later in 
this chapter, a class 1A wind class was selected.  This class represents winds with the 
highest speeds and strongest turbulence of the eight standard classes.  The turbulence 
intensity factor for each wind speed used was calculated using the IEC standard formula 
shown by Equation 2.4.  For WTGS class IA, the parameters a and I15 are 2 and 0.18, 
respectively. 
 

)]1(/[)15(15 ++= aVaVITI hubhub     (2.4) 
Where, 
    TI    = Turbulence Intensity factor 
    I15    = IEC Standard Turbulence Parameter 
    a      = IEC Standard Turbulence Parameter   
    Vhub = Wind Speed at Rotor Height 
 
For class IA wind sites, the turbulence intensity factor is shown in Figure 2-12.  The 
parameters used for the FAST simulations used these turbulence intensity factors rounded 
to the nearest 0.02. 
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Figure 2-12. Turbulence Intensity Factor for WTGS Class IA 

 
2.5.1 Bending Moment Time Series Analysis 

Blade bending deflections in the flap and lead-lag direction were simulated using FAST 
for various wind speeds at the specified turbulence intensity factors.  For this analysis a 
variable speed wind turbine model has been used.  Since FAST is a dynamic simulation, 
the bending deflections were calculated as a function of time simultaneously with many 
other parameters including the azimuth angle.  The azimuth angle is defined as the angle 
of rotation around the hub axis with zero azimuth defined as the line directly above the 
hub.  Since wind speed is not a constant input parameter into the model, the rotor azimuth 
position is not a linear function with time.  In order to compare the blade bending 
moments impartially, the azimuth angle is used as the reference variable.   
 
As shown in Figures 2-13 and 2-14, bending moment in the flap direction are dependent 
on wind speed.  The bending moments for these plots were simulated using FAST to 
reproduce strain gauge measurements.  As a result, the actual bending moments may 
differ from the simulated bending moments.  A sample size of three rotor revolutions has 
been shown in the following plots out of the 1800 revolutions available.  
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Figure 2-13. Flap bending moment at 9 m/s 

 
The mean flap bending moment is lower for an average wind speed of 20 meters per 
second than for an average wind speed of 9 meters per second because the wind turbine 
model uses pitch control to regulate power. 
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Figure 2-14. Flap bending moment at 20 m/s 

 
Wind turbines operate at a variety of wind conditions.  As shown in Figure 2-15, these 
conditions are generally classified in three operating conditions.  In region 1, the wind 
speeds are too low to compensate for internal friction and power loss during operation.  
In region 2, the wind turbine attempts to capture as much power as possible.  In order to 
reduce fatigue on the wind turbine and its components, the blades are pitch during region 
3 to discard some of the power available in the wind.  As a result, mean flap loads are 
actually lower in the flap direction in region 3 than in region 2.  The standard deviation 
goes up with wind speed. 
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Figure 2-15. Regions of turbine operation 
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As shown in Figure 2-16, the WindPACT simulation supports this analysis.  The mean 
bending moment in the flap direction continues to decrease as the blades are pitched to 
higher degrees.  

 
Figure 2-16. Mean flap bending moment for WindPACT pitch controlled turbine 
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As shown in Figure 2-17, the lead-lag bending moment exhibits more deterministic 
behavior than the flap bending moments.  The frequency of the bending moment is equal 
to the rotor speed (i.e., 1P). 
 

 
Figure 2-17. Lead-lag bending moment at 9 m/s wind speed 
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As shown in Figure 2-18, the mean lead-lag bending moment is higher at 20 meters-per-
second than 9 meters-per-second. The mean lead-lag moment is closely associated with 
the power being captured.  As a result, the mean lead-lag bending moment in region 2 
will be lower than the mean moment in region 3. 

 
Figure 2-18. Lead-lag bending moment for 20 m/s 
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As shown in Figure 2-19, the mean lead-lag bending moment actually goes down slightly 
for higher wind speed within region 3.  Ideally, the mean bending moment in region 3 
would remain constant for all wind speeds.  However, it is clear that lead-lag bending 
moment for region 2 wind speeds are lower than for region 3 wind speeds. 

 
Figure 2-19. Mean lead-lag bending moment for pitch controlled wind turbine 

 
As part of this analysis, the bending moment distributions have been analyzed in a 
several number of ways.  The data above indicates typical behavior of the system during 
a range of operating conditions.  This data is further evaluated in the frequency domain 
and using rainflow counting. 

 
2.5.2 Bending Moment Frequency Domain Analysis 

From the lead-lag time series data, it is clear that harmonic forces are present in the 
system.  A frequency analysis of the flap and lead-lag forces has been conducted to 
determine which frequencies are important and how they vary with wind speed.  The data 
was originally created with a sampling frequency of 20 Hz; however, the input forces are 
generally dependent on the blade position rather than time.  Since the target wind turbine 
operates with a variable rotor speed, the change in azimuth angle is not linear with 
respect to time.  Due to changes in wind speed and turbulence, the angular velocity of the 
rotor changes to capture the most power without overstressing the turbine’s components.  
As shown in Figure 2-20, the rotor angular velocity varies with time.  The data shown 
represents approximately 72 complete rotor revolutions. 
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Figure 2-20: Sample rotor velocity data for an average wind speed of 9 m/s 

 
Performing a frequency analysis on the time-sampled data results in useful information.  
The forces acting on the turbine blades are dependent more on the position of the blade 
than with time but since time and rotor position are roughly coupled, it is possible to 
perform a frequency analysis on the data and scale the frequency axis based on the 
average rotor speed.  This will disperse the some of the peaks on the spectral density plot 
since a variable speed turbine has been modeled.  As shown in Figure 2-21, scaling the 
frequency axis by the average rotor speed shows a peak at 1 cycle per revolution only.  
For each power spectrum described below, a Hanning window and block averaging were 
applied using 1024-sample blocks and the overall mean for each data set was set to zero. 
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Figure 2-21. PSD of time-sampled flap bending moment for 9 m/s wind speed 

 
Since the bending moment variations are largely determined more by spatial relationships 
than time, it was decided to resample the flap and lead-lag bending moment data with 
respect to rotor azimuth angle.  The original time-sampled data was sampled at a 
frequency of 20 Hertz.  For an average wind speed of 9 m/s, this sampling rate results in 
an average spatial frequency of 70.5 samples per revolution.  The spatially uniform data 
was created by re-sampling the original data at a rate of 100 samples per revolution.  The 
new dataset was generated using linear interpolation.  As shown in Figure 2-22, the 
spatially sampled data demonstrates distinct peaks at various rotor speed harmonics.  
While the overall spectral density has not changed from the time-sampled data to the 
spatially sampled data, re-sampling the data has reduced the scatter of the frequency 
content.  While a distinct and significant peak occurs at 1 cycle per revolution, this peak 
does not dominate the spectra.  This behavior can probably be attributed to the stochastic 
nature of the wind forces. 
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Figure 2-22. PSD of spatially sampled flap bending moment for 9 m/s wind speed 

 
The same comparison between spatially re-sampled data and azimuth-averaged data was 
made for lead-lag loads.  As shown in Figure 2-23, the lead-lag bending moments that 
were spatially uniform with respect to the rotor azimuth angle have more clearly defined 
spectral peaks than the original lead-lag bending moments.  The spatially uniform data 
shows a clearly defined peak at 2 cycles per revolution while the chronologically uniform 
data does not.  The frequency analysis also shows that the majority of spectral energy for 
the lead-lag bending moments occurs at 1 cycle per revolution.  Since a significant 
portion of the forces in this direction can be associated with gravitational forces, the large 
amount of spectral content at 1 cycle per revolution is expected. 
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Figure 2-23. PSD of lead-lag bending moments for 9 m/s wind speed 

 
Since re-sampling the bending moment data resulted in less dispersed spectra, only the 
newly sampled data will be discussed for the frequency analysis below.  Clearly, there is 
a lot of frequency content located at one cycle per revolution for both the flap and lead-
lag data for an average wind speed of 9 m/s.  As shown in Figure 2-24, higher wind 
speeds increase the relative spectral energy content located at 1 cycle per revolution for 
flap bending. 
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Figure 2-24. PSD of flap bending moments for 20 m/s wind speed 
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As shown in Figure 2-25, the lead-lag bending moment also shows a relative increase in 
the frequency content at 1 cycle per revolution. 
 

 
Figure 2-25. PSD of lead-lag bending moments for 20 m/s wind speed 

 
While the frequency analysis indicates that both the flap and lead-lag bending moment 
have a lot of content located at the same frequency, this analysis does not indicate 
anything about the relative phase between the two bending moments or how much 
damage each load cycle contributes to the cumulative total.  Additional analysis 
techniques were used to evaluate the coupling of the mean and alternating loads as well 
as the relative phase between the two loads.  Before the relationship between the two data 
sets is discussed, the results of rainflow counting will be briefly considered.   
 



 

 40

2.5.3 Rainflow Count 

When fatigue is considered, the relationship between the mean and alternating loads are 
important.  Typically, rainflow counting is used to determine the relationship between the 
mean and alternating loads.  This information is then transferred into equivalent strains 
using a Goodman diagram and compiled into an accumulated damage value using a 
fatigue damage model.  The presented analysis shows the rainflow distribution for the 
simulated data but does not perform the damage analysis.  This analysis has been 
performed to demonstrate that the simulated data has a typical rainflow distribution.  In 
order to perform the rainflow count, the time-sampled data was reduced to include only 
the peak and valley loads.  In some algorithms, a predetermined threshold must separate 
the peaks and valleys in order to be considered, but, this condition was not imposed for 
this data analysis.  Once the time series data was manipulated into peak-valley data, the 
mean and range of each load cycle was calculated considering hysteresis.  The mean and 
range data for each cycle was then binned.  For this analysis, each cycle was equally 
biased regardless of the potential fatigue damage. 
 
The rainflow counting process is designed to show relationship between the mean load 
and range of loads [67, 86-89].  As such, the dependence of the mean and standard 
deviation of the bending moments on wind speed described above is also evident in the 
rainflow distributions.  Since this point is better made using statistics in another section, it 
will not be further discussed here. 
 
As shown in Figure 2-26, the rainflow distribution for the flap bending moment is 
approximately Gaussian in both the mean and range dimensions.  The mean bending 
moment for this distribution was approximately 1000 kN-m.  This distribution agrees 
with field data collected on operating wind turbines [90]. 
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Figure 2-26. Flap bending moment rainflow distribution 

 
The lead-lag bending moment distribution was more complex.  As shown in Figure 2-27, 
the lead-lag bending moment has three distinct load distributions.  Gravitational forces 
produce a distribution with a large range and approximately zero mean.  The other 
distributions can be attributed to the distribution of the wind.  While the behavior of the 
wind would typically exhibit a single Gaussian distribution, the method used for rainflow 
counting tends to collect all cycles with the same mean into a single distribution around 
the larger range cycles.  This behavior is the result of the peak-valley data reduction 
where intermediate values are discarded in favor of extrema.  This distribution also 
agrees with field data collected on operating wind turbines [91]. 
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Figure 2-27. Lead-lag bending moment rainflow distribution 

 
The distributions displayed in Figures 2-26 and 2-27 are generally representative of the 
distributions for other wind speeds and agree with rainflow distributions obtained using 
data for other wind turbines [92].  This type of analysis has been conducted for wind 
turbine blades prior to this study but this analysis does not consider the relative phase 
between the flap and lead-lag bending moments.  
 
The analysis shown here demonstrates that the simulated data has a typical rainflow 
count distribution for wind turbine blades.  This analysis also gives the reader an 
understanding of the underlying bending moment distributions that govern the following 
analysis on the phase angle between the flap and lead-lag bending moments that will be 
discussed later.  

 
2.6 Summary 

As an emerging technology, wind energy is continuing to evolve and mature.  The basic 
nature and design of the wind turbine continues to converge to a more reliable and cost 
effective source of renewable energy and this evolution creates a continual demand for 
new structural and dynamic tests.  In an effort to improve the way wind turbine blades are 
tested, the forces experienced by the blades have been analyzed.  The analysis conducted 
in this chapter demonstrates that the simulated data is a valid representation of operating 
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conditions and can be used for further analysis.  The relationship between the flap and 
lead-lag forces will be evaluated in chapter 3. 
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Chapter 3.  Relationship Between Flap and Lead-Lag Blades 
Forces and Effect on Fatigue Damage 
 
This chapter analyzed the phase angle relationship between the flap and lead-lag bending 
moments applied to wind turbines during operation.  A relationship between the flap and 
lead-lag forces is defined (called the “phase angle”) and statistically evaluated for a range 
of wind speeds.  An aggregate phase angle distribution has been created from simulated 
wind turbine response data for a 1.5 MW pitch controlled variable speed turbine 
subjected to IEC class Ia wind conditions.  This distribution has been used to evaluate the 
effects on fatigue life predictions of a variable phase angle fatigue test compared to that 
of a constant phase angle fatigue test.  As part of the analysis, a three-dimensional finite 
element model of a 1.5 mega-Watt wind turbine blade was used to evaluate FEM nodal 
blade strains for specified loading conditions.  This information was used to calculate the 
accumulated damage for a three million-cycle fatigue test with constant and variable 
phase angles.  The results of this analysis show that the phase angle between the flap and 
lead-lag loads is very important to the accurate prediction and testing of fatigue damage.  
The results also show that when a material defect is present on the blade, a variable phase 
angle fatigue test has a higher probability of detecting the problem than a constant phase 
angle fatigue test.       
 
3.1 Objective of Variable Phase Angle Testing 

Since the purpose of performing fatigue tests is to reduce the overall wind turbine 
operating costs by improving reliability and providing manufacturers with accurate data 
from which to design the next generation of blades, it is imperative that the fatigue test 
accurately represent operational conditions.  It is well known that the loads applied to 
wind turbine blades during operation are subject to variations [93].  But, current dual-axis 
wind turbine blade fatigue tests are conducted with a constant phase angle between the 
flap displacement and the lead-lag displacement [91].  As a result, the same regions of the 
blade are tested for each cycle.  As the blade accumulates damage, the strain profile 
around the blade may move but will generally remain very similar throughout test.  As 
will be shown in this chapter, the actual phase angle experienced by the blade during 
operation is not constant.  Since the constant phase angle fatigue loads may produce a 
different degree of damage accumulation at certain locations than normal operating loads, 
the current test method may not detect some blade defects that could cause failures during 
operation.  In an effort to improve the accuracy of blade tests, the effects of varying the 
phase angle have been analyzed and are presented below.  Since the purpose of 
performing fatigue tests on entire blades is to validate and in some cases certify the blade 
design, the effects of varying the phase angle were considered for the theoretically perfect 
blade and with a material defect exists that was not been considered in the FEM.  These 
results show that a fatigue test that varies the phase angle during operation has a higher 
probability of detecting material defects during testing than a constant phase angle test.
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3.2 Assumptions and Limitations 
 
For over a decade, researchers have been investigating the impact of differing load 
sequences on wind turbine blade materials [94-105].  In these cases, the magnitude of 
the load and displacement varies throughout the simulations and testing.  A proposed 
load magnitude spectrum for fatigue testing, WisperX, has been proposed for wind 
turbine blades [23].  As discussed earlier, the size of the modern blades requires large 
amounts of energy to achieve the targeted displacement during testing.  In most cases, 
the technology and equipment required to accurately perform dynamic spectra variable 
amplitude loading on a system of this size is very costly.  By varying the phase angle 
throughout the fatigue test, it is possible to apply a simplified spectral loading to each 
blade location without increasing equipment costs.  The analysis described in this 
chapter is meant to determine the practicality and impact of varying the phase angle 
during testing using the most accurate tools available.  The damage accumulation and 
life predictions discussed below are not intended to be used to predict the quality or life 
expectancy of any specific blade.  This research is meant to predict the difference in 
fatigue between potentially viable testing methods and determine which changes to 
current testing methods will have the most impact.  The cases studied here include the 
current method for fatigue testing blades (constant phase angle) and variable phase angle 
testing.  
 

3.3 Phase Angle 

Based on an extensive literature search and discussions with blade testing experts, a 
previous study has not been conducted to determine the properties of the relative phase 
between the flap and lead-lag bending moments.  While most agree that the phase angle 
is an important property to consider for testing, the variation of the phase angle with 
respect to wind speed and statistical variations has been generally overlooked.  Since 
there were no publications found on the topic, the precise meaning of term ‘phase angle’ 
may be unclear to some.  As such, a clear description of the phase angle used for this 
analysis will be presented.  Research presented in chapter 5 will discuss the significance 
of phase angle variations with respect to fatigue analysis and testing.  
 
3.3.1 Definition 

The phase angle between the flap bending moment and a lead-lag bending moment is 
defined as the change in rotor angle between the maximum flap bending moment and 
maximum lead-lag bending moment for a given rotor revolution.  Only one phase angle is 
recorded per rotor revolution.  This angle is illustrated in Figure 3-1. 
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Figure 3-1. Phase angle definition 

 
3.3.2 Phase Angle Time Series Analysis 

In order to calculate the phase angle for each wind speed, the flap and lead-lag bending 
moments were broken up into data segments of one complete rotor revolution.  For each 
bending moment, the rotor azimuth angle corresponding to the maximum bending 
moment was recorded.  Figure 3-2 shows a sample of the flap and lead-lag bending 
moment data and demonstrates how the phase angles were calculated.  The change in 
rotor position between the maximum flap and the maximum lead-lag bending moment 
was calculated for each complete rotor revolution and for each wind speed. 
 



 

 47

 
Figure 3-2. Sample calculation of phase angle for two rotor revolutions 

 
While the phase angle may appear stable over short periods of time, its value may also 
experience large changes from one rotor cycle to the next.  As shown in Figure 3-3, the 
phase angle between the flap and lead-lag bending moment has a range of nearly 360 
degrees. 
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Figure 3-3. Sample of phase angles calculated for an average wind speed of 9m/s 

 
In order to better understand the nature of the phase angle variations, a statistical analysis 
of the data was performed.   
 
3.3.3 Phase Angle Analysis 

Once the phase angles for each wind speed and rotor cycle were calculated, the results 
were binned to create histograms.  As shown in Figure 3-4, the phase angle data shows an 
approximately normal distribution for an average wind speed of 9 m/s.  The average 
phase angle for this wind speed was 67 degrees. 
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Figure 3-4. Phase angle histogram for an average wind speed of 9 m/s 

 
Although not shown here, the histogram distribution was generated for the complete set 
of phase angle data and several subsets of the same data.  By looking at 25 percent, 50 
percent and 100 percent of the data, it was determined that the number of data samples 
did not influence the shape of the histogram distribution in this range.  For higher wind 
speeds, the phase angle distribution remained approximately normal.  As shown in Figure 
3-5, the phase angle histogram distribution for an average wind speed of 20 m/s is also 
approximately normal. 
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Figure 3-5. Phase angle histogram for an average wind speed of 20 m/s 

 
Since the histogram distributions are approximately normal, the standard deviation of 
each data set was calculated.  From the plots for 9 m/s and 20 m/s wind speeds, it is clear 
that the mean and standard deviation of the phase angles change with wind speed.  As 
shown in Figure 3-6, the mean phase angle has an approximately linear relationship with 
wind speed.  By curve fitting the data, an approximate slope of 1.69 degrees per m/s was 
obtained. 
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Figure 3-6. Effect of average wind speed on the mean phase angle 

 
The increase in the mean phase angle as wind speed increases may be the result of 
increasing flap forces for higher wind speeds.  Since the bending moment data is 
simulated from strain gauge measurements, any lag in the blade response due to inertia 
would appear in the data.  As aerodynamic flap forces increase the lag response of the 
system will be reduced, because the inertially deterministic lead-lag forces do not 
increase with wind speed.  
 
As shown in Figure 3-7, the standard deviation of the phase angle also changes linearly 
with wind speed.  However, the standard deviation of the phase angle decreases for 
higher wind speed.  This phenomenon could be the result of higher aeroelastic damping 
acting on the blade.  The standard deviation is relatively large compared to the mean 
phase angle for all wind speeds. 
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Figure 3-7. Effect of wind speed on the phase angle standard deviation 

 
Ultimately, the goal of analyzing the phase angle characteristics is to determine a suitable 
distribution for fatigue tests or fatigue analysis.  By determining the properties of the 
phase angle distribution for each wind speed, it is possible to develop a theoretical wind 
speed distribution. 
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3.3.4 Aggregate Distribution 

While the phase angle properties at each individual wind speed are important, each blade 
fatigue test can have only one final phase angle distribution.  In order to determine the 
best distribution to use for testing, the individual distributions at each wind speed must be 
weighted proportional to the frequency of occurrence.  For this analysis the standard IEC 
wind speed distribution for class IA was used.  The IEC standard uses either a Rayleigh 
or Weibull function distribution to describe the shape of the distribution.  For this 
analysis a Rayleigh distribution was used.  The probability density function for the class 
IA is show in Equation 3.1. 
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Where, 
    P(V)  is the probability function 
    V  is the wind speed 
    VAVE  is the Average Wind Speed (from IEC Standard) 
 
Using this Equation to calculate the wind speed probability results in the distribution 
shown in Figure 3-8.   
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Figure 3-8. IEC wind speed distribution for standard class IA wind location 

 
When the wind speed distribution is applied to the normal distributions for each wind 
speed, a three-dimensional probability distribution relating both the phase angle and wind 
speed is created.  The new probability distribution was normalized so that the sum of the 
area under the curve is 1.0 and is shown in Figure 3-9. 
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Figure 3-9. Normalized phase angle distribution 

 
As discussed earlier, the fatigue test requires a single probability density function.  In 
order to compress the three-dimensional probability distribution into a single distribution, 
the values for each wind speed were added together for a given phase angle.  This 
procedure is equivalent to performing a weighted average of the normal phase angle 
distributions using the wind speed probability as the weighting function.  Although the 
result of this method is not required to have a normal distribution, the aggregate 
distribution, shown in Figure 3-10, is approximately normal with a mean value of 72 
degrees and a standard deviation of approximately 54 degrees.  Since the system being 
modeled represents the dynamic response of a mechanical system, a smooth distribution 
was expected.  The very minimal skewness and kurtosis shown by the distribution is a 
little surprising given the way the curve was derived.  This indicates that a narrow range 
of wind speeds determine the shape of the distribution. 
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Figure 3-10. Probability distribution weighted by wind speed distribution 

 
3.4 Structural Analysis 

As discussed earlier, the Department of Energy (DOE) sponsored a research program 
designed to reduce the cost of energy (COE) for wind power called WindPACT (Wind 
Partnerships for Advanced Component Technology).  This program consisted of a 
number of studies conducted by different research groups.  The dynamic blade response 
data used for the analysis in Chapter 2 was generated by NREL as part of this program.  
As a separate part of the WindPACT program, Global Energy Concepts (GEC) 
developed a 3-D finite element model for a generic 1.5 mega-Watt turbine.  The 3-D 
model was created using NuMAD (Numerical Manufacturing And Design tool 
developed by Sandia National Laboratories) [106].  NuMAD is a pre-processor and post-
processor for the general FE code, ANSYSTM designed specifically to reduce the model 
development time for wind turbine models.  
 

3.4.1 FE Model Description  

The 3-D finite element model used for this analysis is composed of 50 nodes located 
around the blade airfoil and 10 nodes located on the spar for each blade cross sections.  
The material properties for the blade model were calculated using generic wind turbine 
E-glass layer and resin properties.  The material properties for the blade were compiled 
using NuMAD and used to create shell elements in ANSYSTM.  The node locations are 
shown in Figure 3-11 for the 3-D model. 
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Figure 3-11. Finite element blade model airfoil nodes 

 
Figure 3-12 shows the variation in chord length and overall blade thickness as a 
function of the blade station.  

 
Figure 3-12. Blade lead-lag and flap shape  

 
The shape of the airfoil and the chord length vary along the length of the blade.  
However, the nodes are numbered in the same manner for each blade station.  As shown 
in Figure 3-13, the nodes are numbered one through 60 starting at the trailing edge.  The 
leading edge is node number 26 while the vertical spar nodes are numbered 51 through 
60.  The material properties of the blade can be subdivided into two distinct regions 
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demonstrated by the red and blue color-coding.  The detail of the material properties 
will be discussed later in this chapter. 
 

 
Figure 3-13. Finite element node numbers for each cross-section 

 
3.4.2 Preliminary Results  

In general, the research discussed in this chapter involves the specific and detailed 
analysis of individual blade stations.  The amount of data and type of analyses 
conducted during this researched was much too computationally intensive to include all 
the information from the FEM model.  However, it is possible to show some 
information for the global model.  Figure 3-14 shows the axial strain for each node of 
the FEM when a unit lead-lag force is applied to the blade tip.  The maximum axial 
strain coincides with the maximum chord length of the blade shown in Figure 3-1.  This 
behavior has been observed in other blade models, during static testing and fatigue 
testing.  At the 15.75-meter station, a dip in the strain profile boundary can be observed.  
This location coincides with a ply-drop. 
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Figure 3-14. Axial strain profile for a unit load in the lead-lag direction 

 
In an effort to determine if a change in phase angle could result in a noticeable change 
in the global strain profile, the strain profiles corresponding to the maximum resultant 
force for several phase angles were plotted.  Figure 3-15 shows the global strain profile 
on the outer and lower surfaces resulting from the maximum resultant force occurring 
during a test cycle with a 72 degree phase angle between the flap and lead-lag actuators. 
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Figure 3-15. Strain profile for the maximum load for a 72 deg phase angle 

 
A similar plot was generated for phase angles of 0 and 90 degrees.  As shown in Figure 
3-16, the strain profile for the maximum resultant force corresponding to a phase angle 
of zero degrees is noticeably different than the strain profile in Figure 3-15. 
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Figure 3-16. Strain profile for the maximum load for a 0 deg phase angle 

 
3.4.3 Strain Profile Results 

To calculate the effect of phase angle variations on fatigue, it is necessary to first create 
a predicted time history of the strain at each node location.  To do this, the axial strain 
at each node was calculated using the 3-D FEM for unit loads in the flap and lead-lag 
direction.  Time histories for the flap and lead-lag forces were created for all phase 
angle values.  The axial strains calculated from the FEM were then multiplied by the 
flap and lead-lag force time histories and combined using superposition.  The resulting 
axial strain time histories were then reduced using peak-valley detection to determine 
the mean and alternating strain values occurring at each node for each phase angle.  
Once cycle of a typical predicted strain time history is shown in Figure 3-17. 
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Figure 3-17. Strain time history for a specific node and phase angle 

 
Since the mean and alternating strains at each node vary as a function of phase angle, 
the R-ratio (ratio between the minimum and maximum strain) is not constant.  In order 
to compare the strains equally, an equivalent strain was calculated using a Goodman 
diagram.  As shown in Figure 3-18, the Goodman diagram used for this analysis is a 
straight-line approximation of the material properties.  It would be possible to use a 
more accurate representation of the material properties if this analysis were tailored to a 
specific blade.  However, this analysis is meant to represent the response of a general 
wind turbine with generic material properties.  So it is not practical to customize the 
Goodman diagram [107] for a specific material at this time.  Since a straight line 
approximation has been used for this analysis, the equivalent strain can be calculated by 
applying a parallel line starting at the point derived from the mean and alternating strain 
values and ending for an equivalent alternating strain as shown below. 
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Figure 3-18. Goodman diagram and equivalent strain definition 

 
Using the above technique, it is possible to calculate the equivalent strain at each node 
resulting from each phase angle.  As shown by Figure 3-19, the phase angle can 
influence the range of alternating strains for a single node.  But before this research 
project, it was not clear how different phase angles affect nodes distributed around the 
airfoil profile. 
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Figure 3-19. Axial strain as a function of time and load phase angle 

 
Figure 3-20 shows that changing the phase angle impacts the strain at each node 
differently.   
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Figure 3-20. Equivalent strain at the 15.75-meter blade station 

 
For the purpose of this analysis, most of the calculations were conducted at the 15.75-
meter station.  Analysis of the nodal data showed that the strain distributions outboard 
of the maximum cord location (6.3-meter station) have very similar strain distributions.  
As such, the 15.75-meter station is a good representative for the conditions over most of 
the blade.  As shown in Figure 3-21, the difference in equivalent strain has a greater 
range for phase angles near zero degrees than for phase angles near 90 degrees.  The 
phase angles of zero, 72 and 90 degrees were extracted for further analysis because 
these phase angles have been used for actual full structure fatigue tests. 
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Figure 3-21. Equivalent strain at the 15.75-meter blade station (0, 72, 90 deg.) 

 
The maximum strain occurred at the maximum chord location and this location has a 
unique strain profile.  While analyzing the effects of phase angle on this location is of 
interest, it is not possible to draw much information on possible test improvements by 
analyzing this station, because the design and structure of the maximum chord station is 
dependent on individual blade designs.  However, as shown by Figure 3-22, the strain 
distribution around the maximum chord station is influenced by changes in phase angle. 
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Figure 3-22. Equivalent strain at the 6.3-meter blade station 

 
As shown in Figure 3-23, the difference in equivalent strain has a greater range for 
phase angles near zero degrees than for phase angles near 90 degrees.  The strain 
distribution for the 6.3-meter station also shows that locations of peak strain are more 
concentrated than at other stations.  Each of the locations of peak strain in Figure 3-23 
corresponds to either the trailing edge or the connections of the spar to the skin.  
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Figure 3-23. Equivalent strain at the 6.3-meter blade station (0, 72, 90 deg.) 

 
3.5 Accumulated Damage 

After calculating the influence of the phase angles on the strain of each node, it is 
possible to calculate the predicted life resulting from each test condition.  While there 
are several models used to predict fatigue accumulation for composite material [108-
110], it is still common to use Palmgren-Miner’s Rule for general damage calculations.  
Since Miner’s rule is a linear model of damage accumulation, it is not possible to use 
this method to evaluate all of the test conditions that are considered as part of this 
research.  However, the simplicity and acceptance of Miner’s rule make it advantageous 
to analyze some of the test conditions using this method. 
 

3.5.1 Miner’s Rule 

Miner’s rule assumes that damage is accumulated linearly throughout the life of a test 
specimen.  From coupon tests, it is possible to determine the number of cycles required to 
fail a material sample at a specific strain level.  Miner’s rule assumes that the life 
subtracted from the initial value is simply the ratio of the number of cycles applied to the 
material to the number of cycles at which the material will fail for a specific strain level.  
As such this damage accumulation rule can be expressed by Equation 3.2.  
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Where, 
     D = Total Accumulated Damage 
     i   = Load Case Index 
 
 
3.5.2 Material Properties 

Regardless of which damage model is used to predict the life of the blade during various 
testing conditions, the material properties of the blade must be considered.  Based on 
coupon tests and material standards, two strain-cycle curves have been used to calculate 
the material strength properties [84, 85].   As shown in Figure 3-24, the strain required to 
fail the skin material is higher than the strain required to fail the spar material (see Figure 
3-13).  
 

 
Figure 3-24. Strain-cycle curves for blade materials 
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3.5.3 Damage Accumulation for Constant Phase Angles  

 
Using Miner’s Rule and the material properties described above, it is possible to 
calculate the life expectancy of a wind turbine blade subjected to a specific set of 
loading conditions.  As shown in Figure 3-25, a blade subjected to three million cycles 
at certain phase angles result in significantly different results than for other phase 
angles.  For example, the damage accumulated at node 12 is significantly higher for 
phase angles around 180 degrees than for phase angles around 72 degrees.  A constant 
amplitude fatigue test run at a 72-degree phase angle will not include any cycle at the 
much more damaging 180-degree phase angle. 

 
Figure 3-25. Damage as a function of phase angle for 6.3-meter station 

 
Similar results were found for other blade stations.  As shown by Figure 3-26, the 
damage accumulation for each node at the 15.75-meter station would be highly 
influenced by phase angle for a constant phase angle fatigue test. 
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Figure 3-26. Damage as a function of phase angle for 15.75-meter station 

 
These results are summarized for the 0 degrees, 72 degrees and 90 degrees situations in 
Figure 3-27.  As shown, the zero degree phase angle case results in the most damage at 
node 19 but the 90-degree case results in the most damage at node 33.  Clearly, certain 
phase angles are capable of producing a higher degree of damage than other phase 
angles at specific nodes.  
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Figure 3-27. Damage for 15.75-meter station 

 
3.5.4 Damage for Constant and Variable Phase Angles 

The previous analysis shows that the damage accumulated at each node during a 
constant phase angle test can vary as a function of the phase angle.  The analysis 
performed earlier shows that the phase angle during typical operating conditions is not 
constant but approximately Gaussian.  To analyze the effect that varying the phase 
angle during testing could have on the accumulated damage, three phase angle 
distributions were compared.  As shown in Figure 3-28, the three distributions 
considered for this stage of the analysis were a uniform distribution (equal probability 
for all phase angles), a Gaussian distribution and a constant phase angle distribution.  
The uniform distribution has been included because it represents a load case that could 
be easily tested.  The Gaussian distribution is the same as the one derived earlier and 
represents the closest approximation to actual conditions.  The constant 72-degree phase 
angle distribution represents the baseline and agrees with fatigue tests currently being 
conducted by NREL. 
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Figure 3-28. Phase angle histograms 

 
When the above distributions are applied to the FEM strain data and distilled using 
Miner’s Rule into an accumulated damage value, it can be seen in Figure 3-29 that the 
constant phase angle distribution results in the least amount of damage for node 33.  
The damage around node 19 remains approximately the same for all three cases but the 
location and magnitude of the second peak changes as a function of the distribution.  
The uniform distribution results in the highest damage accumulation for the second 
peak. 
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Figure 3-29. Total damage accumulation results from phase angle distributions 

(15.75m station) 
 
Primarily, it is important to accurately represent operating conditions.  While the uniform 
distribution results in the most damage for the second peak, this distribution does not 
represent the distribution of phase angles that would be observed during field operation.  
If the Gaussian distribution is the best representation of the operating conditions, then this 
analysis indicates that some of the blade is not being accurately fatigued by the constant 
phase angle tests.  
 
3.5.5 Influence of Material Defects 

Up to this point of this analysis, the wind turbine blade properties have been assumed to 
agree with the ECN standard [84, 85].  Thus, the analysis has assumed that the blade has 
been built exactly as designed.  However, one of the primary purposes of performing a 
fatigue test is to find any flaws in the blade design or construction that may exist.  In 
order to evaluate the influence that varying the phase angle during testing could have on a 
blade with a hidden manufacturing defect, defects were artificially added to six nodal 
locations.  As shown in Figure 3-30, the material defects are arranged around the blade 
profile at the 15.75-meter blade station.  In each case, Miner’s Rule was used to calculate 
the damage accumulation. 
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Figure 3-30. Locations of material defects 

 
In each case, a stress concentration factor of 2.0 was used to represent the material 
defect [111].  This value is based on material testing conducted at Montana State 
University.  As shown by Figure 3-31, the damage accumulation at each node is highly 
influenced by the phase angle.  The material defect located at node 1 (trailing edge) also 
has a significant influence on the maximum damage accumulated.  For this defect 
location, a phase angle of approximately 150 degrees will result in the maximum 
damage accumulations.  
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Figure 3-31. Damage as a function of phase angle with material defect at node 1 

 
In Figure 3-32, the damage accumulation for a material defect located at node 7 results 
in a similar distribution as for a material defect at the trailing edge.  The maximum 
damage at node 7 also occurs for a phase angle of approximately 150 degrees but unlike 
the node 1 material defect, the increase in damage is not sufficient to dominate the total 
damage.   
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Figure 3-32. Damage as a function of phase angle with material defect at node 7 

 
The defects occurring on the aft skin nodes each showed a similar dependence on phase 
angle.  The defect occurring at node 17 (composed of spar material) does not share 
these properties.  Change in the magnitude of the maximum damage is much greater.  
The damage accumulation at node 17 when a defect is present dwarfs the damage 
accumulation at all other locations.  Additionally, the phase angle that results in the 
maximum damage is approximately 50 degrees, which is a significant change from the 
150-degree phase angle that produced the maximum damage for defects at nodes 1 and 
7. 
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Figure 3-33. Damage as a function of phase angle with material defect at node 17 
 
In contrast to the results for a material defect at the trailing edge, a material defect on 
the leading edge (node 26) results in a minimal damage accumulation, as shown in 
Figure 3-34.  The phase angle resulting in the maximum damage accumulation also 
differs from that for the trailing edge.  A phase angle of approximately 50 degrees 
results in the most damage at node 26. 
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Figure 3-34. Damage as a function of phase angle with material defect at node 26 
 
The damage accumulation for a defect on the upper spar material (node 35) has similar 
properties as the results for the lower spar material (node 17).  As shown by Figure 3-
35, a defect in node 35 results in relatively high damage values.  Unlike the lower spar 
material, a defect in the upper spar has a maximum damage for a phase angle of 
approximately 150 degrees. 



 

 80

 
Figure 3-35. Damage as a function of phase angle with material defect at node 35 
 
A material defect on the upper aft panel produces the most unique results, shown in 
Figure 3-36.  The damage accumulation is significant compared to the damage at other 
nodes.  The phase angle that results in the maximum damage for a defect at node 45 
occurs at approximately 20 degrees in contrast to the other nodes considered. 
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Figure 3-36. Damage as a function of phase angle with material defect at node 45 
 
Observing how a material defect influences the damage accumulation of a particular 
node is important for understanding the underlying problem.  However, of more 
importance for this analysis is the question of how the damage accumulation is affected 
by varying the phase angle when material defects are present.  As shown by previous 
sections in this chapter, the constant phase angle fatigue test produces different strain 
and damage values at each node than the considered Gaussian distribution fatigue test.  
By applying the Gaussian distribution to the damage values for each defect and 
comparing that to the constant phase angle results, the relationships shown in Figure 3-
37 have been derived.  As shown, a varied phase angle test produced a significant 
change in the expected life compared to the constant phase angle test.  In five of the six 
node locations, the damage was substantially higher for the varied phase angle test.  
This indicates that the varied phase angle test has a higher probability of finding a 
material defect than the constant phase angle test.  In one case, the constant phase angle 
test results in higher damage.    
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Figure 3-37. Effect of fixed and varied phase angle distributions on damage when 

a material defect is present 
 
In general, a varied phase angle test seems to increase the probability of finding material 
defects on a blade during testing.  Since one of the advantages of using full-structure 
fatigue testing over finite element modeling is the ability to find construction defects not 
present in computer models, it would be advantageous to employ varied phase angle 
testing. 
 
3.6 Summary 

For this analysis, a 3-D finite element model of a 1.5 MW wind turbine blade has been 
used to calculate the expected life of the blade under various testing conditions.  The 
consequence of testing the blade with various constant phase angles have been analyzed 
and it has been determined that testing at certain phase angle can influence the time and 
location of a failure.  A Gaussian distribution has been derived using data from the 
WindPACT program and used as part of a damage fatigue analysis.  The fatigue results 
from using the Gaussian distribution have been compared to the current constant phase 
angle method.  This comparison shows that the constant phase angle test may not 
accurately fatigue the blade at some locations and that the varied phase angle test is more 
likely to find defects at various locations around the airfoil.   
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Chapter 4.  Non-linear Fatigue Damage Analysis 
 
This chapter evaluates the effects on the fatigue life of a target wind turbine blade using a 
non-linear damage accumulation model.  The non-linear model is required to evaluate the 
influence of sequence effects on fatigue damage.  For this analysis, a non-linear damage 
accumulation model has been derived.  The parameters for the model have been 
determined by curve fitting material test data that is part of the material database 
maintained by Montana State University for the Department of Energy.  Since a fatigue 
test may be conducted in a number of different ways, it is important to evaluate how each 
method influences the accumulation of damage.  For the analysis discussed in this 
chapter, the overall phase angle distribution is the same for each case when compared 
over the entire length of the fatigue test.  Based on this analysis, changing the order in 
which the loads are applied to a test specimen has a substantial effect on the degree of 
damage accrued during a fatigue test and this effect must be taken into account when 
fatigue testing is performed. 
 
4.1 Non-linear Damage Model 

Since Miner’s rule [64] is a linear model of the damage, it is not capable of accounting 
for sequence effects.  It has been experimentally determined that applying loads in a 
high-low order or a low-high order will cause failure at different rates [94].  A non-
linear damage model that is suited to this type of testing is required.  The variety of 
possible failure and failure modes do not lead to the use of a failure specific damage 
model although failure specific modes are used to analyze damage in other cases [112, 
113].  As such, a phenomenological model based on crack propagation theory was 
derived for this study.  Once a model was successfully derived, its parameters were 
determined using the material properties database maintained at Montana State 
University [94].  The crack growth model is described by Figure 4-1 and Equation 4.1 
(Paris Equation) [114].  Using Paris’s Equation to represent the cumulative fatigue 
damage of composite materials is not new.  Experimental studies conducted by Radon 
and Wachnicki [115] indicates that Paris’s Equation is an effect method for predicting 
crack propagation in composite materials.  Boniface and Ogin also applied Paris’s 
Equation to the fatigue growth of transverse ply cracks [116]. 
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4.1.1 Derivation 

 
Figure 4-1. Crack length model 

 

 mCK
dN
da

aK

=

= πσ
    (4.1) 

Where, 
K = Stress Intensity Factor 
a  = ½ Crack Length 
N = Number of Cycles 
m = Model Parameter 

     σ = Applied Stress 
     C = Model Parameter 

 
In this case, the material is considered to have failed when the stress concentration factor 
amplifies the applied stress to equal the residual strength.  The first step in deriving the 
model was to solve Equation 4.1 to explicitly have the stress concentration factor as a 
function of the number of cycles.  Combining the two parts of Equation 4.1 results in the 
following non-linear differential equation shown by Equation 4.2.   
 

   
2/2/ mmm aC

dN
da πσ=    (4.2) 

 
Applying separation of variables to solve for the crack length as a function of the number 
of applied cycles results in Equation 4.3. 
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By substituting the crack growth equation back into Equation 4.1, the stress concentration 
factor can be expressed explicitly as a function of the number of cycles.  The constant of 
integration from Equation 4.3 has been combined with other terms and renamed to C3 for 
Equation 4.4. 
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This equation can be simplified by grouping the model parameters and constants as 
shown by Equation 4.5. 
 

    BnAnK VV += 2)( σ    (4.5) 
 
Where,   
    A, B, V = Model Parameters 
    n           = Number of Cycles 

    σ   = Applied Stress 
    K  = Stress Concentration Factor 
 

Typically, residual strength damage models are expressed in the form shown in Equation 
4.6.  The residual material strength varies from an initial value to final value as a function 
of the number of cycles applied.  The function f(n) varies from zero at the beginning of 
the test to one at the time of failure. 
 

    )()( 00 nfSSSS fr −−=    (4.6) 
 
For Miner’s rule, the function f(n) is described by Equation 4.7. 
 

(Miner’s Rule)    N
nnf =)(     (4.7) 

 
Where, 
     n  = Number of Applied Cycles 
     N = Number of Cycles at Failure 
 
The accumulated damage is calculated by summing the function f(n) for each applied 
stress level.   
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For the non-linear residual stress model, the stress concentration factor was used to derive 
a damage accumulation function.  By dividing the stress concentration function (Eq. 4.5) 
by the critical stress concentration factor, the following expression, Equation 4.8, is 
derived. 
 

    BAN
BAnnf V

V

+
+

=)(     (4.8) 

 
From Equation 4.5, it can be seen that the term B is approximately equal to one.  Since 
the system in the problem is subject to high cycle fatigue, the number of cycles to failure, 
N, will have an order of magnitude of approximately one million.  As such Equation 4.8 
can be approximated by Equation 4.9.  The damage accumulation model derived here 
coincides with the Marco-Starkey damage accumulation model [117], which is 
commonly used to describe damage accumulation for composite materials [118 - 120]. 
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Where, 
     V = Model Parameter 
 
The parameter V has been determined using the material database maintained by 
Montana State University for the Department of Energy.  The material used for this 
analysis is designated as DD16 and is a typical material currently used in the construction 
of wind turbine blades.  This material is composed of an E-glass and polyester matrix in a 
lay-up of [90/0/±45/0]s with a fiber volume fraction of 0.36.  Coupons of the material 
were tested by Montana State up to 1010 cycles.  Curve fitting this material fatigue test to 
the specified residual strength model results in a model parameter of V [94].  The 
experimental results show a very large amount of scatter but the parameter can be 
bounded between 0.265 and 1.0. 
 
4.2 Comparison to Miner’s Rule 

The initial and final residual strengths of the non-linear model and Miner’s Rule are the 
same.  The difference between the two methods occurs in how the residual strength varies 
between the initial and final values.  As shown in Figure 4-2, the strength for the non-
linear model initially decreases at a faster rate than Miner’s Rule but near the end of the 
material life, the rate of strength degradation is at a slower rate.  The plot below uses a 
value of 0.74 for the model tuning parameter. 
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Figure 4-2. Residual strength for miner’s rule and non-linear model 

 
While the two damage models may appear closely related, the non-linear model should 
be more accurate since it is based on an interpretation of more fatigue samples.  More 
importantly, the non-linear model is capable of capturing the effects of load sequence. 
 

4.3 Load Sequence Effects 

For constant phase angle fatigue tests, there are no load sequencing effects because the 
strain history at each location is the same for all cycles.  Varying the phase angle 
throughout a fatigue test will result in variations in the time histories and load sequence 
can be a factor.  Since load sequencing is believed to effect damage accumulation, the 
situation was studied as part of this analysis.  As shown later in this chapter, the effects 
of the load sequence can be significant. 
 

4.3.1 Proposed Phase Angle Progression 

Since Miner’s Rule is not sensitive to the effects of load sequence, it has been possible 
to use the Gaussian distribution in the previous chapter for any analysis up to this 
point.  However, there are an infinite number of sequences that result in the same 
Gaussian distribution used above.  For most of the load sequence analysis, the phase 
angle progression shown by Figure 4-3 was used.  Since this progression has been 
derived from the Gaussian distribution, a histogram of the progression will result in the 
original Gaussian distribution.  To generate this progression, the Gaussian distribution 
was multiplied by the total number of cycles in each sequence.  Since the Gaussian 
distribution was originally normalized for an area of one, this amplification generates a 
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progression of the correct length.  The progression array is then created by dwelling on 
each phase angle for the number of cycles specified by the amplified Gaussian 
distribution.  This progression represents the smoothest and most implemental array 
that can be created from the Gaussian distribution.  An additional advantage of this 
progression is that for a specified number of total cycles, this progression has a unique 
time history. 

 
Figure 4-3. Proposed phase angle progression for each sequence 

 
4.3.2 Effect of the Number of Repetitions 

The number of cycles in a phase angle progression can be adjusted based on the 
number of times the repetition will be repeated.  For example, if the phase angle 
progression will be repeated only once, the progression will contain 3-million cycles.  
If a progression will be repeated 10 times, each progression has 200,000 cycles, as 
shown by Figure 4-4.  The number of times that a particular progression is repeated is 
of particular interest because these results may be easily verified by future testing.  
This analysis is intended to determine if there exists a specific number of repetitions 
that is most damaging and how much of an effect increasing/decreasing the number of 
may have on the total damage. 
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Figure 4-4. Comparison of one to ten load phase angle progressions 

 
As discussed above, Miner’s Rule is not capable of demonstrating the effects of load 
sequencing.  Since this is an important consideration, this fact is further demonstrated 
by Figure 4-5.  As shown below, the Miner’s Rule is not capable of calculating the 
effects of load sequence. 
 

 
Figure 4-5. Effect of sequence repetition using Miners Rule 
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When the non-linear damage model is used, the effects of increasing the number of 
progressions become clearer.  As shown by Figure 4-6, increasing the number of 
progression repetitions results in higher degrees of damage.  Increasing the number of 
repetitions becomes less significant when the number of repetition is already large. 

 
Figure 4-6. Effect of sequence repetition using non-linear model 

 
The maximum damage continues to increase as the number of repetitions increase.  As 
shown in Figure 4-7, the damage for 7300 repetitions is much higher than that for 100 
repetitions.  The profile of damage around the blade profile is generally unaffected by 
the number of phase angle sequence repetitions. 
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Figure 4-7. Damage accumulated for various numbers of sequence repetitions 

 
Since the shape of the damage profile around the airfoil is not dependent on the 
number of sequence repetitions, the relationship between the maximum damage per 
repetition will be separately analyzed.  As shown in Figure 4-8, the maximum damage 
monotonically increases as a function of the number of phase angle sequence 
repetitions.   
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Figure 4-8. Maximum damage as a function of the number of repetitions 

 
In an effort to further understand the relationship between the damage and the number 
of sequence repetitions, the data was curve fitted.  Based on the shape of the function, a 
power equation was used.  As shown by Equation 4.10, the damage occurring for any 
specified number of repetitions can be calculated based on the damage occurring for 
one repetition.  The R-squared value for the function below was 1.0.  It should be noted 
that the exponent for function 4.10 is equal to one minus the exponent used for the 
non-linear model.  Since the number of sequence repetitions is inversely proportional 
to the number of cycles consecutively applied at a specific load, it makes sense that the 
exponent relating the damage to the number of repetitions is indirectly proportional to 
the exponent used for Equation 4.9. 
 

    ( )( )26.0
1 RDDR =    (4.10) 

Where,   
     R  = Number of Sequence Repetitions 
     Dx = Damage for x Repetitions 
 
As discussed earlier, the uncertainty for the exponent used in Equation 4.9 is large.  For 
the purpose of this analysis, a value of 0.74 has been assumed for the exponent.  Since 
the range of valid exponents is 0.26 to 1.0, the influence of sequence effects on damage 
is subject to a large range.  Assuming 100 sequence repetitions, the accumulated of 
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damage at a specific location can vary from 1.0 for Miner’s Rule (1.0 exponent) to 30.0 
for an exponent of 0.26.   
 
Results indicate that the more progressions that are used to achieve a given number of 
fatigue test cycles, the greater the damage will be.  However, it is not realistic to vary 
the phase angle progression too quickly.  The maximum number of repetitions that will 
achievable can be achieved will be dictated by the stability of the test system.   
  

4.3.3 Upper and Lower Damage Bounds 

The number of times the phase angle sequence is repeated for a given number of cycles 
has been shown to influence on the test results.  However, the manner that the phase 
angle progresses through the sequence also has an effect.  Originally, an optimization 
routine was to be used to determine the most damaging phase angle sequence but after 
the formulation of the optimization problem, it was determined that there was no 
unique solution.  Two solutions are shown by Figure 4-9.  
 

 
Figure 4-9. Most damaging phase angle progressions 

 
Any phase angle progression that never repeats the same phase angle for two 
consecutive cycles and has a histogram that agrees with the Gaussian distribution from 
the previous chapter is a valid solution to the optimization problem.  While it would be 
possible to add additional criteria that may result in a unique solution, such an analysis 
would provide no additional information.  None of the most damaging phase angle 
sequences can be realistically employed on an actual test since the dynamic stability 
and accuracy of the test would be compromised.  As such, this analysis can only be 
used to define the boundaries of the effects for the phase angle sequences.  The phase 
angle sequence resulting in the least amount of damage will be the one shown in Figure 
4-3 since this sequence has the maximum number of repetitive cycles at any given 
phase angle.  The change in damage resulting from the most damaging sequences 
(Figure 4-9) and the least damaging sequence (Figure 4-3) can be seen in Figure 4-10.  
The change in the maximum damage is significant, with a factor of approximately 4.5 
between the two cases. 
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Figure 4-10. Max and min boundaries for the phase angle sequences 

 
While the most damaging test case would normally be considered the most conservative 
case for testing a sample that cannot be achieved in this case.  In this case, it is 
recommended that the least damaging sequence be used for testing but that the flap and 
lead-lag force magnitudes are increased to result in the same accumulated damage that 
would be generated by the most damage sequence. 

 
4.4 Summary 

A non-linear model has been derived to analyze the effects of load sequencing.  The 
relationship between the number of sequence repetitions to achieve a given number of 
cycles and the total damage accumulation has been determined.  Increasing the number of 
sequence repetitions will increase the amount of damage achieved.  The effects of phase 
angle sequencing are predicted to be significant and should be accounted for during 
testing.  Since the analysis conducted here indicates that sequencing effects are so 
significant, an experiment validation of these results should be conducted. 
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Chapter 5.  Wind Turbine Blade Fatigue Testing Methods 
 
This chapter describes three methods for fatigue testing wind turbine blades.  The 
National Renewable Energy Laboratory (NREL) currently uses a common dual-axis 
forced-displacement method.  Some other research institutes use a single-axis resonance 
excitation method.  A new method that combines the best properties from the forced-
displacement and resonance excitation methods has been evaluated, designed and built as 
part of this research project.  The new test system is capable of accurately reproducing 
the results of the forced-displacement test system while reducing the energy required to 
performed a full-scale fatigue test on a wind turbine blade by over 60%.  The new system 
is unique in that it is the first test system to ever apply excitation forces using resonance 
excitation and forced-displacement methods simultaneously.  To maximize energy 
savings, the flap displacements will be controlled using the resonance excitation method 
but the edge displacements will be controlled using the forced displacement method.  
Prior to the research conducted for this project, it was thought that a combination of the 
two test methods was impossible because of issues with dynamic stability.  The analysis 
in this and the following chapters show that the system is possible.  Further, the system 
has been constructed and successfully tested.  The results of which are shown in chapter 
7.  The new system will substantially reduce test durations, reduce test costs and will 
provide more accurate results than either of the existing test systems. 
 
5.1 Overview of Testing Methods 

Many of the latest technologies have been used in the design and analysis of wind turbine 
blades.  Finite element models of the blades have been constructed to analyze the 
theoretical life expectancy for wind turbine blades before they are built [121].  Dynamic 
models using programs such as ADAMS and FAST have been created to simulate the 
blade’s real-time response to wind conditions over the life of the blades [122].  Wind 
tunnel tests have been conducted to optimize the blade shape to capture the most energy 
[123].  Data have and continue to be collected from operating wind turbines in field use 
[124].  However, there is still a need to test wind turbine blades under controlled 
conditions.  By precisely applying fatigue loads to the wind turbine blades, it is possible 
to compare the results of the actual blade to the finite element model, find manufacturing 
defects, and accelerate the fatigue test to take months instead of decades. 
 
5.1.1 Test Facilities 

There are four laboratories throughout the world that perform static and fatigue testing of 
wind turbine blades; RISO in Denmark, CRES in Greece, WMC at TU Delft in the 
Netherlands and NREL in the US.  RISO National Laboratories (RISO) operates under 
the Danish Ministry of Science, Technology and Innovation.  Static, fatigue and modal 
testing of wind turbine blades is conducted at the Sparkaer Blade Test Centre in Roskilde, 
Denmark.  The Centre for Renewable Energy Sources (CRES) operates under the Greek 
Ministry of Development.  CRES has testing facilities located in Attiki, Greece capable 
of testing wind turbines blades up to 25 meters in length.  The Wind turbine Materials 
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and Constructions Knowledge Centre (WMC) is a new facility opening in 2003 in The 
Netherlands.  The facility is a joint project between Delft University and the Energy 
research Centre of the Netherlands (ECN).  This new facility will be capable of testing 
wind turbine blades up to 60 meters in length.  In the U.S., the National Renewable 
Energy Laboratory (NREL), a Department of Energy Laboratory, is responsible for wind 
turbine blade testing. 
 
NREL developed a wind turbine blade testing facility in 1989 at its National Wind 
Technology Center (NWTC).  This facility, located in Golden, Colorado, is unique in the 
United States.  More than 100 blades have been tested at this facility.  Most of the tests 
have been conducted for commercial wind turbine manufacturers under various NREL 
development projects.  NREL can currently perform static, fatigue and modal testing of 
blades up to 30 meters in length.  Additional facilities may be created in the near future to 
test longer blades. 
 
Each of the four test facilities has independently developed methods for performing blade 
tests.  Over time some test methods have been replaced by newer methods and many of 
the test facilities now use similar equipment and procedures for fatigue testing.  RISO 
performs fatigue tests on blades by applying cyclical loads in either the flap or lead-lag 
direction using an electric motor that rotates an eccentric mass.  The average frequency of 
the vertical force approximates the first mode resonance frequency in the direction of the 
test. This test technique will be referred to as the single-axis resonance test for the 
remainder of this document.  NREL, CRES and WMC have invested in hydraulic 
actuators and equipment to exercise the blades.  The hydraulic actuators apply loads at a 
single spanwise station on the blade in both the flap and lead-lag directions.  The 
technique will be referred to as the dual-axis forced-displacement method for the 
remainder of this document.  For the past couple of years, NREL has been developing a 
new test method that combines the benefits of resonance excitation with the accuracy of 
dual-axis testing.  This new method, its advantages, analysis and development are 
described below.  
 
5.1.2 Dual-Axis Forced-Displacement Method 

The dual-axis forced loading system, currently used by NREL and other research 
facilities, employs a servo-hydraulic system with actuators to exercise the blade in the 
flap and lead-lag directions [29, 68, 125].  Tests are conducted at frequencies well below 
the blade’s first fundamental flap natural frequency. The primary advantage of this 
system is that biaxial loading creates strain profiles in the test article that more accurately 
agree with the service conditions, as compared to single-axis tests.  The dual-axis test 
system used by NREL is shown in Figure 5-1. 
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Figure 5-1. NREL’s dual-axis forced-displacement test system 

 
While the dual-axis forced-displacement test is the most accurate test currently used to 
test wind turbine blades, this method has several drawbacks.  The forced loading system 
requires large forces and displacements from hydraulic actuators.  Consequently, new 
actuators must be specially designed and built each time a larger blade is tested. As the 
actuator size increases, the hydraulic pumping requirements also increase. Consequently, 
substantial equipment costs are incurred when increasing test capabilities for larger 
blades.  For blade tests, the flap actuator has the greatest requirement for both 
displacement and force.  The lead-lag actuator, which applies its load through the bell 
crank shown in Figure 5-1, has a lower force requirement, and a smaller displacement 
due to the higher blade stiffness in the lead-lag direction. These increased flow 
requirements have also created significant energy costs associated with running a fatigue 
test.  Since the excitation frequency for this test does not equal the resonance frequency, 
it is possible to create unwanted blade dynamics.  In order to mitigate these dynamics and 
to fit ‘longer’ blades into the test facility, the tips of the blades are typically removed 
before testing. 
 
5.1.3 Single-Axis Resonance Method 

The single axis resonance test, currently used by RISO, uses an electric motor to spin an 
eccentric mass in order to excite blade resonance in either the flap or lead-lag direction.  
Whereas the dual-axis test applied both flap and lead-lag bending moments during a 
fatigue test, the single axis resonance test applies each component independently in two 
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separate tests.  As a result, this test method is less accurate for predicting blade life but it 
has several advantages over the dual-axis forced-displacement test.  A single-axis 
resonance fatigue test with forces acting in the flap direction conducted at RISO’s facility 
is shown prominently in Figure 5-2. 
 

 
Figure 5-2. RISO’s single-axis resonance test system 

 
By adding masses to the blade, it is possible to tune the bending moment distribution 
along the blade length.  So the mean and alternating bending moment distributions in the 
flap or lead-lag direction more closely approximate the actual bending moments for this 
test.  While the added masses lower the system natural frequency, the test cycle 
frequency remains substantially higher for this method compared to the forced-
displacement method.  Since the excitation frequency is higher for this method, it takes 
less time to accumulate a specific number of cycles at a prescribed load level, making it 
possible to complete fatigue tests faster and to complete more tests per year. 
 
By taking advantage of the displacement magnification that occurs near resonance, the 
force required to exercise the blade is substantially lower for this system.  This results in 
lower energy consumption.  Additionally, the test is conducted at the blade’s natural 
frequency, which makes it possible to test the entire blade without creating unwanted 
structural dynamics.  As a result, the blade tip does not need to be removed before 
testing.  Resonance excitation demonstrates several advantages for larger blades 
including; lower testing costs, faster results, more efficient use of test space and the 
ability to test the entire blade.  However, the system currently used by RISO has several 
limitations.  As shown in Figure 5-3, the eccentric mass applies forces in the axial 
direction along the blade in addition to the desired testing direction.  As blade become 
larger the test forces and unwanted axial forces also increase until the axial forces 
interfere with the accuracy of the test results. 
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Figure 5-3. Schematic of RISO resonance test system 

 
Since the RISO system uses the rotational speed of the eccentric mass to control the 
magnitude of the bending moment, the excitation frequency is not constant throughout 
the test.  Without a constant excitation frequency, it is not possible to accurately apply 
dual-axis loading.  The single-axis resonance test system provides a cheaper, and faster 
method for testing wind turbine blades but it is less accurate than dual-axis test methods 
may not be suitable for the next generation of large wind turbine blades. 
 
5.1.4 Proposed Dual-Axis Resonance Method 

In the proposed method for testing wind turbine blades, as much of the existing NREL 
test equipment and test experience has been used as possible.  The blade will be 
cantilevered from the existing test stand.  The lead-lag force component will be achieved 
using the same actuators and equipment currently used at NREL (see Figure 5-1).  The 
new test method changes the technique used to apply the flap displacement but uses the 
same actuator technology and hydraulic equipment that NREL has developed during its 
wind turbine-testing program.  A new control algorithm has been designed to allow the 
flap and lead-lag displacements to progressively change throughout a fatigue test based 
on the phase angle analysis conducted in this study.  The phase angle progression and the 
development of the control algorithm will be discussed in later chapters of this text.  
 
While current NREL fatigue tests rely on actuators with greater than 1.5 meters of stroke 
to apply loads of over 200 kN, the proposed method will use a much smaller actuator to 
apply a small harmonic force at the resonance frequency of the blade in the flap direction.  
The actuator will oscillate a steel mass linearly in the flap direction to generate the 
excitation force.  The excitation force will be applied to the blade through a load frame 
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specifically design for this application.  Figure 5-4 shows the proposed load frame design 
with actuator and excitation mass. 

 
Figure 5-4. Load frame design for hydraulic resonance system 

 
 As shown by Figure 5-5, the load frame assembly will sit on top of the blade during 
testing.  The load frame will be attached to the blade using contoured saddles that clamp 
onto the blade.  Soft rubber mounts are used to compensate for any bending that may 
occur between the two saddle locations during operation. 
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Figure 5-5. Schematic of proposed resonance test system 

 
The control algorithm will change the displacement of the excitation mass to maintain 
constant blade flap displacements at a fixed control point.  Stationary (with respect to the 
blade) masses will be added to the blade along its span to contour the shape of the 
bending moment distribution under first mode oscillations to match the desired 
equivalent damage fatigue load distribution and to pre-load the blade to the proper mean 
bending moment.  
 
The new system has several advantages over existing test systems.  This system uses 
linear motion only in the direction of blade displacement to apply the forces.  Therefore, 
unwanted loads, such as axial loads, are minimized.  Another advantage is that the 
frequency and magnitude of excitation are decoupled.  Control of the excitation force is 
achieved by varying the stroke of the excitation mass at a constant excitation frequency, 
chosen to be very near the system’s natural frequency in the flap direction.  The constant 
excitation frequency makes it possible to accurately combine the flap resonance system 
with a forced lead-lag displacement. 
 
Because the flap actuator is responsible for most of the hydraulic flow rate demand, the 
overall reduction in flow requirements is substantial.  This will allow the testing of much 
longer blades without increasing the flow requirements of the NREL facility.  Another 
big advantage is that the cycle rate of the new hydraulic resonance system will be 
approximately twice that of the forced-displacement method, allowing a faster turn 
around time for the facility.   
 
The proposed system can provide a more accurate stress distribution than either the 
single-axis resonance system or dual-axis forced-displacement system.  The new system 
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requires less energy, less expensive equipment, and less testing time than other dual-axis 
test methods. 
 
5.2 Dual-Axis Resonance Method Design 

To design the dual-axis test method the test blade properties were obtain and then verified 
experimentally, the mode shapes in the flap direction were calculated using finite element 
models and the stationary mass distribution was calculated using a steepest decent 
optimization routine.  The stiffness (EI) distribution for a target blade was collected and 
verified by measuring the stiffness of the blade at the 23-meter station.  The damping 
ratio of the blade was calculated using two methods; the log decrement method and 
calculated from the area within the hysteresis loop.  Two codes were used for the FE 
calculations; an NREL finite element code called “MODES” [126] and a beam finite 
element model that I wrote in MATLAB.  The two models were essentially the same but 
it was advantageous to use a model within MATLAB for the purpose of optimizing the 
stationary mass distribution and then verify the end result using MODES. 
 
5.2.1 Blade Properties 

For the target test blade, constant time (and spatially) invariant stiffness (EI) distributions 
were available in the flap and lead-lag directions.  These values were used to create a 
beam finite element model of the blade that will be presented in the next section.  In order 
to verify that the material properties of the blade are accurately represented, experimental 
values for the fundamental frequency and damping were measured using traditional 
methods [127, 128].  Since specific blade properties are proprietary to the blade 
manufacturer, it will not be possible to show the exact EI distribution or aggregate 
stiffness values.  However, the methods used to verify these values are presented below.  
The EI distribution was initially verified by experimentally determining the stiffness of 
the blade at 23-meters.  The EI distribution was further verified by calculating the 
fundamental flap frequency using MODES and experimentally verifying this frequency.  
The natural frequency was calculated by applying a step input to the blade and 
performing a frequency analysis on the response.  In each case, the theoretical results 
agreed very closely with the experimental values. 
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Figure 5-6. Time series for target wind turbine blade step response 

 
The same data were used to confirm the natural frequency and subsequently the EI and 
mass distributions were used to calculate the damping ratio.  First the data were 
decimated to include only the maximum value per cycle.  The reduced data can be seen in 
Figure 5-7. 
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Figure 5-7. Reduced step response time series data 

 
The damping ratio was calculated using each maximum value using the log decrement 
formula [129]. 
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Where, 
    ζ  = Damping Ratio 
    Xn = Amplitude at cycle n 

 
As shown in Figure 5-8, the damping ratio is not constant with tip displacement.  This 
behavior is consistent with structural damping principles.  It can also be seen that the step 
response was conducted at a much lower tip displacement that would be expected during 
testing.  To calculate the displacement at the target displacement, a linear approximation 
of the damping ratio as a function of tip displacement was created.  The damping ratio 
was extrapolated to be 1.1%.  This value was verified by conducting an independent test 
of the blade properties at the target displacement. 
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Figure 5-8. Damping ratio as a function of tip displacement 

 
Since the system damping is associated with material (or hysteresis) damping rather than 
viscous damping, the hysteresis loop was measured for the target blade at the prescribed 
displacements.  As shown in Figure 5-9, the system characteristics are not linear 
throughout the displacement range but the properties are very consistent.  The data shown 
in Figure 5-9 represent roughly eight hysteresis cycles.   
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Figure 5-9. Normalized force-displacement curve for target blade 

 
The energy dissipated-per-cycle is a function of the average area within the hysteresis 
loops.  In order to convert to energy dissipation per cycle into the damping ratio, the 
maximum tip displacement, flap-bending stiffness, and the resonance to excitation 
frequency ratio were used, as shown in Equation 5.2 [130, 131]. 
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Where, 
   ζ  = Equivalent Viscous Damping Ratio 

  W∆  = Area of Hysteresis Loop (Energy Dissipated per Cycle) 
   k = Blade Flap Bending Stiffness 
   X = Maximum Tip Displacement 
   F = Excitation Frequency 
   nω  = Fundamental Flap Frequency 

    
The structural damping ratio was approximately equivalent to a viscous damping ratio of 
1.0%.  Since the extrapolated log decrement damping ratio and structural damping ratio 
are approximately equal, there was some confidence that this value was correct.  As an 
additional precaution, the damping ratio calculated for this target blade was compared to 
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typical material damping ratios.  As shown in Table 5-1, the target blade has similar 
damping characteristics to other common materials. 
 
 

Table 5-1. Typical Material Damping Ratios 
 

Material Damping Ratio
Steel 0.002 

Composite 0.003 
Steel Structure 0.004 

Composite Structure 0.006 
Target Blade 0.01 

Rubber 0.05 
 
 
5.2.2 Mode Shape Calculation 

The mode shapes in the flap and lead-lag directions were calculated using a beam finite 
element model from the EI data for the target blade and the stationary masses.  A lumped 
mass finite element model was used so that the added stationary masses could be easily 
manipulated using an optimization algorithm.  This model used to calculate the mode 
shape is described below. 

5.2.2.1 Beam Finite Element Model 
 
A beam finite element model was created to calculate the wind turbine blade’s mode 
shapes in the loaded test condition.  The finite element model was further used as part of 
an optimization algorithm (shown in Appendix A) to tune the mean and alternating 
bending moments observed by the blade during testing.  Since damping has been 
experimentally determined to be small, it will be ignored for this calculation but not for 
the controller design described in chapter 6.  The stiffness of the blade during operation 
will be assumed to be symmetrical for the purpose of this calculation even though the 
airfoil is nonsymmetrical.  Similar analysis has been used to model the dynamics of 
airfoil structures as shown by Murri et al [132].  The assumption that the airfoils are 
symmetric reduces the system from a time-variant to a time-invariant stiffness matrix, 
which is important for the control theory used in chapter 6.  Reducing the system to a 
time-invariant model guarantees that eigenvalues exist and that the eigenvectors are 
orthogonal [133].  While it is expected that a small error will be introduced by this 
assumption, it is important to recognize that the purpose of the fatigue test is to apply an 
alternating force onto the blade.  The magnitude and distribution of the force can be 
adjusted based on experimental measurements.  So small errors can be corrected by 
tuning the system response.  The experimental measurements will be presented in chapter 
7.  The eigenvectors were calculated in the flap and lead-lag direction but not the 
torsional direction because no torsional stiffness data were available and the torsional 
fundamental frequency is approximately 20 times higher than the flap fundamental 
frequency.  Since no torsional loads are applied to the blade, this aspect of the system 
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dynamics has been assumed to have a minimal influence.   The elemental mass and 
stiffness matrices for a generalized beam element are shown by Equations 5.3 and 5.4 
[134]. 
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Where, 
    kn = Elemental Stiffness Matrix 
    Mn = Element Mass Matrix (Lumped Mass) 
    Vn = Vertical Displacement at Node n 
    θ n = Rotational Displacement at Node n 
    l = Element Length 
    E = Modulus of Elasticity 
    I = Moment of Inertia for Element (Flap or Lead-lag) 
 
Each elemental matrix was combined to create global mass and stiffness matrices.  These 
matrices were combined into a finite element model of the target wind turbine blade that 
was used to solve for the eigenvalues and eigenvectors in each direction.  The finite 
element model  
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Where, 
   M11 = Global Mass Matrix (Lumped Mass Values on Diagonal) 
   Kxx = Global Stiffness sub-Matrices 
 
Before solving the eigenvalues problem, the order of the global stiffness matrix was 
reduced to eliminate the rotational degree of freedom. The reduced order finite element 
model is shown by Equation 5.6. 
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The first two eigenvectors for the flap system and the first eigenvector in the edge 
direction are shown in Figure 5-10.  The location where the harmonic force will be added 
to the blade is also shown on Figure 5-10.  This location has been selected to be near the 
node of the 2nd eigenvector.  This should minimize any excitation of this higher order 
mode. 

 
Figure 5-10. Normalized mode shapes for target blade 

 
The mode shape was calculated many times during the stationary mass optimization 
process as discussed in section 5.2.4.  The bending moment distribution along the blade is 
determined by the mode shape and stationary mass sizes.   
 
5.2.3 Bending Moment Calculation 

The alternating flap bending moment was calculated by multiplying the mass of each 
blade station by its acceleration and the distance from the mass to the current station.  
The mean bending moment is calculated in the same manner but using gravity in place of 
acceleration.  These relationships can be seen in Equation 5.7. 
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 Where, 
BM =Bending Moment (mean + alternating) at station a 
mb  = mass of blade element (i) 
L = Length between station (a) and blade element (i) 
ω = Excitation Frequency  
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y  = Displacement amplitude of blade element (i) 
g = gravitational acceleration constant   

 
The acceleration at each blade station was calculated by assuming that all of the blade 
motion was contributed by the fundamental mode shape in the flap direction.  Since the 
mode participation factor of the fundamental eigenvalue is approximately 98.5%, the 
error introduced by ignoring the other eigenvectors contribution to the blade response is 
small.  As shown by Equation 5.7, the bending moment distribution is a function of both 
the added stationary masses and the mode shape.  Since the terms are coupled an 
optimization routine was used to solve for the sizes of masses required to produce the 
best bending moment distribution.  In this case, the routine determines the mass 
distribution that results in the closest relationship between the target bending moment 
distribution and the predicted bending moment distribution. 
 
5.2.4 Bending Moment Optimization 

The first step in the optimization process is to assume an arbitrary stationary mass 
distribution, which involves selection of the magnitude and position of the added masses, 
including the weight of the actuator and its support structure as shown in Figure 5-4.  The 
blade’s mass distribution is critical and must be included in the calculation.  The system 
mass and distributions are input the beam finite element dynamic beam model discussed 
in section 5.2.2.1, which predicts the mode shapes of the blade/mass system.  Equation 
5.8 shows the global mass matrix with the optimization variables (s1, s2, s3) highlighted. 
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Using a conjugate gradient/steepest decent optimization routine [135], the stationary 
mass sizes were iteratively adjusted until convergence between the current bending 
moment distribution and target moment distribution was achieved.  For this analysis, the 
target bending moment distribution was selected to be the bending moment distribution 
achieved by performing the forced-displacement fatigue test. 
Figure 5-11 shows that by tuning the blade/mass mode shape by adjusting the size of the 
added masses, the flap bending moment for the resonance system can closely 
approximate the bending moment for the current forced-displacement test method.  The 
adjustability of the bending moment distribution makes it possible for the resonance test 
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system to match more complex distributions than the one shown.  This means that the 
dual-axis resonance test method will be the most accurate method for testing large wind 
turbine blades. 

 
Figure 5-11. Bending moment distribution along blade 

 
The dual-axis resonance system presents several advantages over both methods currently 
used to fatigue test wind turbine blades. 
 
5.3 Comparison of Test Methods 

When considering methods for fatigue testing wind turbine blades several factors are 
important.  The accuracy of the test is arguably the most important evaluation criterion.  
The stress profile for single axis tests are generally considered to be the least accurate.  
Dual-axis test methods were developed specifically to improve the accuracy of the 
fatigue tests.  However, forced-displacement tests have a very limited capability to adjust 
the moment distributions.  The dual-axis resonance test provides not only the improved 
stress profile of dual-axis tests but also a much greater ability to adjust the flap bending 
moment distribution. 
 
Other important criteria for evaluating wind turbine fatigue test methods are the time 
required to perform the test and the operating cost, which is largely determined by the 
energy consumption.  The time required to perform the tests are dependent on a number 
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of factors and will be discussed below.  The cost associated with performing a fatigue test 
on a wind turbine blade also includes many factors including setup time, material, 
equipment depreciation, labor costs and energy consumption.  Several of the costs, such 
as material costs and setup time, will not be significantly affected by the method used for 
testing.  Other costs, such as equipment depreciation and labor costs per test, depend on 
the number of tests conducted in a specific amount of time.  As such, the time required to 
perform a fatigue test is an accurate metric for determining how the various test methods 
affect these costs.  The remaining cost, energy consumption will be treated separately. 
 
5.3.1 Test Duration 

The amount of time required to perform a fatigue test using a resonance system depends 
on the resonance frequency.  While adding stationary masses to the blade allows for 
greater bending moment adjustability, it also lowers the resonance frequency.  In general, 
the loaded natural frequency of the blade is reduced by 25-30%, based on the research 
conducted for the project.  The forced-displacement test frequency is limited by several 
factors.  The large actuator forces and displacements required to perform the test, require 
very large hydraulic flow rates and cooling capacity.  NREL’s test facility currently has 
the ability to pump 250 GPM of hydraulic fluid.  This allows blades to be tested at 
approximately 30% of the natural frequency.  As shown in Figure 5-12, the single-axis 
and dual axis resonance tests require approximately half the time to complete a 3-million 
cycle fatigue test. 
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Figure 5-12. Duration of fatigue test using each method (1.5 MW blade) 
 

5.3.2 Energy Requirements 

The difference in energy consumption for the two hydraulic methods is a function of the 
amount of hydraulic fluid pumped through the actuator and externally cooled.  The total 
system efficiency of using an electric motor operating around the resonance frequency 
compared to the efficiency of using a hydraulic actuator operating at the resonance 
frequency is difficult to determine.  As such, the amount of work required to perform a 
fatigue test using each method will first be considered.  The energy consumed using the 
two hydraulic methods will be considered separately. 

5.3.2.1 Required Work 
 
The force required to achieve the target blade displacement during testing is a function of 
material damping ratio and the frequency of excitation.  The relationship between the 
excitation force and the displacement can be expressed using Equation 5.9 [134]. 
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The results of this equation for a range of frequencies are shown in Figure 5-13. 

 
Figure 5-13. Theoretical frequency response for wind turbine blade [134] 

 
By applying the information about the target blade to the displacement magnification 
equation, the ideal work required to perform a fatigue test using each method was 
calculated.  It was assumed that the single axis resonance test could typically maintain an 
excitation frequency within 5% of the resonance frequency.  As shown in Figure 5-14, 
the single axis resonance test required the least amount of energy to perform a fatigue 
test.  Since the single axis test does not use any energy to test the blade in the lead-lag 
direction (in this example), the work required is less than the dual-axis test methods.  In 
many cases, the single-axis resonance test is performed on a blade in each direction but at 
different times.  Although, the energy consumption to perform two single axis resonance 
tests is still less than the dual axis tests, this method is less accurate and results in 
substantially longer test durations.  Similarly, the dual-axis resonance test requires much 
less energy to perform a fatigue test than the forced-displacement test.  
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Figure 5-14. Relative energy consumption for each test method 

 
Since a dual axis test is required to achieve the highest test accuracy, these methods will 
be evaluated further.  In order to determine the actual energy consumption for the new 
resonance system, a flap actuator must be selected.  The size of the actuator will greatly 
influence the amount of hydraulic fluid that will be pumped through the system.  In order 
to optimize the system the smallest actuator bore that can meet the load requirements 
should be chosen.  In order to determine the best actuator, the minimum forcing 
requirements were calculated as a function of the available stroke.  The actuator must 
withstand several forces; the displacement of the mass, the acceleration of the excitation 
mass from the blade displacement and acceleration of the excitation mass from gravity.  
The actuator forces are summarized in Equation 5.10. 

( ) mgRSmF ++=
2

2ω    (5.10) 

Where, 
    F = Total Actuator Force 

    ω  = Excitation Frequency 
    S = Actuator Stroke 
    R = Blade Displacement Range 
    m = Excitation Mass 

 
The size of the excitation mass is determined by the available stroke.  As shown by 
Equation 5.11, the minimum excitation mass depends on the minimum excitation force, 
which in turn depends on the damping ratio. 
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Where, 
    0F  = Minimum Excitation Actuator Force 

    ω  = Excitation Frequency 
    S = Actuator Stroke 
    m = Excitation Mass 
    k = Blade Stiffness 

    ζ  = Damping Ratio 
    X = Target Blade Displacement 

 
Since each quantity in Equations 5.10 and 5.11 is a known value for the target blade, it is 
possible to calculate the required actuator force as a function of the available actuator 
stroke.  As shown in Figure 5-15, several available actuators at NREL satisfy the force 
requirement.  For compactness and future capacity, the smallest length actuator with the 
highest available force was selected.  This actuator results in higher than optimal energy 
consumption but allows the same system to be used for longer blade lengths. 
 

 
Figure 5-15. Resonance system flap actuator selection 

 
With the properties of the selected actuator known, the hydraulic flow rates required to 
perform a fatigue test may be calculated.  As shown in Equation 5.12, the hydraulic flow 
rate depends on the actuator piston diameter, actuator stroke and excitation frequency.  
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The maximum hydraulic flow rate capacity of NREL’s test facility typically influences 
the excitation frequency because of this relationship. 
 

( )( )( )fSPAFR =     (5.12) 
Where, 
    FR = Maximum Hydraulic Flow Rate 
    S = Maximum Actuator Stroke 
    f = Excitation Frequency 

 
Using the selected actuator, the energy saving between the forced-displacement method 
and the resonance excitation method is less than the potential savings.  As shown in 
Figure 5-16, the maximum flow rate for the resonance system is approximately 40% of 
the maximum flow rate for the current NREL test method.  The average hydraulic flow 
rate for the resonance system is also approximately 60% lower than the flow rate for the 
forced-displacement system. 
 

 
Figure 5-16. Hydraulic flow rate requirements for hydraulic test methods 

 
Based on the analysis of the theoretical energy consumption and the hydraulic flow rate 
requirements for the selected actuators, the dual-axis resonance system will use 
approximately 60% less energy to perform a fatigue test on a 1.5 MW wind turbine blade 
than the forced-displacement method.  This savings combined with the reduction in 
testing time will make testing large wind turbine blades more practical and economical. 
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5.3.3 Testing Efficiency as a Function of Blade Length 

For current blade technologies, the resonance fatigue test method has advantages over the 
current force-displacement test method.  As blades continue to grow larger, the 
advantages of the resonance test method should increase even further. 
 
As shown in Figure 5-17, the flap actuator force for the force-displacement test method 
increases linearly as the blades become longer.  While the blade bending moments 
increase at a higher rate, as the blade length increases the load application point moves 
further outboard from the root, which allows the force to increase at a slower rate. 
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Figure 5-17. Force requirement for force-displacement test method 

 
Although moving the actuator location further from the root mitigates the increase in 
force requirement, it results in higher actuator displacements.  As shown in Figure 5-18, 
the actuator displacement increases at approximately a quadratic rate as blades become 
longer. 
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Figure 5-18. Actuator displacement requirement for force-displacement test 

 
If the blade tests were conducted at the same frequency, the hydraulic flow rate 
requirement for the flap actuator for the forced-displacement test method would increase 
cubically.  This relationship can be seen from Equation 5.12 and in Figure 5-19.  This 
relationship would be predicted by calculating the strain energy.  Since strain energy is 
influenced by the stiffness of the system as shown by Equations 5.13 and 5.14, its not 
surprising that the energy consumed to perform a fatigue test would depend on the cube 
of the blade length. 
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Figure 5-19. Flap actuator flow rate requirement for force-displacement test 

 
The lead-lag actuator can be shown to have a similar trend as the flap actuator but the 
dual-axis resonance test method will have no impact on the hydraulic flow requirement 
for the edge actuator.  As a result, all of the energy saving for the resonance system 
compared to the forced-displacement system can be demonstrated using the hydraulic 
flow rate for the flap actuator.  As shown in Figure 5-20, the reduction in flow 
requirements increases substantially for larger wind turbine blades. 
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Figure 5-20. Hydraulic flow rate reduction (l/m) for resonance system 

 
5.4 Summary 

A new method for fatigue testing wind turbine blades has been evaluated and designed.  
The bending moment distribution for the new test method can equal or even improve 
upon current test systems.  The forced-displacement test method is capable of generating 
only a straight-line approximation to the service bending moment and is capable of 
accurately reproducing service loads at only one location.  Since the bending moment 
distribution for the resonance test system can assume an infinite variety of shapes 
depending on the stationary mass sizes, the resonance test system can reproduce service 
test loads at more than one location.  The tip of the blade is typically removed for forced-
displacement fatigue testing to avoid uncontrolled second mode vibrations.  Since the 
second mode will be controllable for the resonance test system, it is not necessary to 
remove the blade tip.  As such, the resonance test system is capable of testing the entire 
blade length.  The new test method will substantially reduce the expense and time 
required to test large wind turbine blades.  By increasing the test speed to approximately 
200% of the forced-displacement system, the resonance test system will allow more 
blades to be tested in a shorter amount of time.  By reducing the amount of hydraulic 
fluid used to perform fatigue tests, the resonance system will mitigate some of the 
hardware costs associated with testing increasing larger blades and make it cheaper to 
perform fatigue tests on current blade sizes.  Using the resonance test system to perform a 
fatigue test on a 37-meter long blade will save enough energy to power over 100 houses 
for one year when compared to the forced-displace fatigue test commonly used.
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Chapter 6.  Controller Design and Analysis for Dual-Axis 
Resonance Test Method 
 
This chapter describes a dynamic blade model to model the wind turbine blade’s dynamic 
response and two methods to control the blade’s response.  The equations of motion for 
this system were developed using the beam finite element model presented in Chapter 5, 
section 5.2.2.1 and parameters that were experimentally validated for the target blade.  A 
PID controller was designed and evaluated for the system under constant phase angle and 
progressive phase angle conditions.  A full-state feedback controller was also designed 
and evaluated.  It was determined that a PID controller is sufficient for the control of the 
system when a constant phase angle test is performed.  If variable phase angle testing is 
implemented, a full-state feedback controller will be required.  The current NREL testing 
software supports the use of PID controllers but not full-state feedback controllers.  A 
software upgrade will be required if the full-state feedback controller is ultimately used.  
 
6.1 Dynamic Blade Model 

A wind turbine blade in the test configuration was modeled as a cantilever beam with 
lengthwise varying mass and stiffness properties, as presented in section 5.2.2.1.  The 
finite model of the blade was used to calculate the mode shapes and natural frequencies 
in the flap and lead-lag direction for the blade in the loaded condition.  The fundamental 
mode shape was modified using an optimization routine to size stationary masses that are 
added to the blade to achieve a target moment distribution.  The tip displacement 
resulting in the best agreement between the target and the calculated moment 
distributions was also calculated.  The fundamental eigenfrequency resulting from the 
beam finite element model has been used to calculate an equivalent mass and stiffness for 
the blade.  The distinction between the eigenvalues and the equivalent natural frequencies 
in the flap and lead-lag directions is small but it must be noted that the beam finite 
element did not include damping but the dynamic model does include damping.  As 
shown in chapter 5, the damping of the system is very small but measurable.  By using 
the equivalent mass and stiffness values, it was possible to measure the system damping 
and include this in the dynamic calculations. 
 
6.1.1 Equations of Motion 

Since the natural frequency and blade stiffness at the tip have been determined both 
analytically and experimentally, it is possible to create a simplified dynamic model of the 
wind turbine blade that is very accurate for the to the first order approximation of the 
system.  In this case, the nonlinear dynamics of the blade have not been included in the 
dynamic model.  During testing, the blade will have very little damping and will be 
excited at or near the fundamental natural frequency.  These characteristics are indicative 
of systems they may experience significant nonlinear behavior [133].  However, the tip 
displacements relative to the blade length are relatively small, less than 5%, and any non-
linearity in the blade displacement will have little influence on the damage accumulation 
since most damage models require the data to be decimated using a peak-valley detection 
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algorithm [134].  As such, the dynamic model will be based on linear blade properties 
initially.  If the blade stiffness increases or decreases as a function of the tip displacement 
(i.e., a spine curve), the excitation natural frequency will be adjusted manually before the 
fatigue test is conducted.  
 
The wind turbine blade and test system are schematically shown in Figure 5-1.  During 
testing, the blade is cantilevered from a very stiff load frame.  The load frame introduces 
some small dynamic influence but these dynamics will be ignored for this analysis.  The 
flap and lead-lag directions of the blade will be analyzed independently.  This 
simplification is consistent with current modeling and control strategies used for dual axis 
fatigue testing [29].  For the purpose of creating a dynamic model, several blade 
properties have been determined.  Using a finite element model of the blade, the natural 
frequency and blade stiffness for a point load at the tip have been calculated.  These 
numbers have been confirmed experimentally as discussed in chapter 3.  Additionally, the 
equivalent structural damping at the prescribed tip displacement (based on the target 
bending moment) has been empirically determined.  Since the fundamental frequency and 
damping ratio were accurately known, an approximation for the actuator force was 
calculated using Equation 3.5. 
 

 
Figure 6-1. Cantilevered wind turbine blade with test system 

 
The cantilever beam system was reduced to the simplified dynamic model shown using 
the eigenvalues from the beam finite element model discussed in chapter 5 and the 
measured damping discussed in section 5.2.1.  This type of model was assumed for both 
the flap and lead-lag directions.  
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The equivalent stiffness and mass for the simplified blade model were calculated using 
Equations 6.1 through 6.3.  The stiffness and natural frequency values for the flap and 
lead-lag blade deflections determined using the previously mentioned finite element 
model have been used for these calculations.  Another beam finite element code 
developed by the National Wind Technology Center called ‘Modes’ (a significant part of 
the original source code was written by Oregon State University), was to verify the 
results of the beam finite element program discussed in chapter 5. 
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Using the simplified dynamic model, the equations of motion were determined for this 
blade.  As shown by Equations 6.4 and 6.5, the equations of motion for this dynamic 
system appear to be straightforward but additional considerations make the model more 
complex. 
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The lead-lag forces are added using a hydraulic actuator and are applied using a bell 
crank mechanism.  This mechanism can be seen in Figure 6-2. 
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Figure 6-2. Dual-axis test using bell crank to apply lead-lag force 

 
The direction of the load applied by the bell crank changes as a function of the blade flap 
displacement.  As shown in Figure 6-3, the bell crank linkage will add forces in the flap 
and lead-lag direction at varying amounts throughout the fatigue cycle. 
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Figure 6-3. Effect of blade flap displacement on linkage position 

 
The bell crank is intended to supply only the lead-lag forces during fatigue testing but it 
is not kinematically possible for the linkage to supply a force only in the lead-lag 
direction. 

6.1.1.1 Bell Crank Influence 
 
To analyze the influence that the bell crank has on the application of flap forces, the 
coordinate systems defined in Figure 6-4 have been used.  In this case, x has been used to 
describe motion in the lead-lag (horizontal) direction and y has been used to describe 
motion in the flap (vertical) direction. 
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Figure 6-4. Bell crank coordinate systems 

 
Using the above coordinate systems and knowledge about the test system, it is possible to 
write the following equations (Equations 6.6-6.10) about the bell crank kinematics.  It 
should be recognized that the independent variables in these equations are the 
displacements of the blade in the flap and lead-lag direction (xLL and yF).  The location of 
the endpoints of the push rod and the push rod slope are dependent variables. 
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Where, 
    X1 = Lead-Lag position of Bell Crank 
    Y1 = Flap position of Bell Crank 
    X2 = Lead-Lag position of Blade 
    Y2  = Flap position of Blade 
    XLL = Lead-Lag displacement of Blade 
    YF  = Flap displacement of Blade 

    θ  = Angle of Bell Crank 
    R = Length of Bell Crank 



 

 128

    L = Length of Push Rod 
    mpr = Slope of Push Rod 
    fLL = Force in the Lead-Lag direction 
    fF = Force in the Flap direction 

 
The influence of the bell crank on the flap forces is clearly a function of the push rod 
slope.  When the slope of the push rod is zero, no component of the lead-lag force is 
applied in the flap direction.  To use the push rod slope effectively in future dynamic 
calculations, it is necessary to determine the slope as a function of the independent 
variables.  As shown by Equation 6.11, the slope of the push rod can be expressed as a 
function of the independent variables plus the angle of the bell crank but the angle of the 
bell crank is not an independent variable. 
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To find the angle of the bell crank, several new equations were produced using the 
geometry of the bell crank mechanism and the designated coordinate system.  Equations 
6.12-6.15 show the calculations required to determine the angle of the bell crank as a 
function of the independent variables. 
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Where, 
   D = Length of trapezium diagonal 

   α  = Angle from diagonal to horizontal axis 
   β  = Angle from diagonal to Bell Crank 

 
Combining Equations 6.12-6.15, results in Equation 6.16. 
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The slope as a function of the independent variable is shown in Equation 6.17. 
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Although this is the exact slope of the push rod, the slope used for dynamic calculations 
was simplified by assuming that the length of the push rod, L, is long relative to the other 
terms.  As shown by Equation 6.18, the simplified push rod slope equation is much easier 
to work with. 
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To evaluate the amount of error introduced by using the simplified slope equation, the 
two equations (6.17 and 6.18) were compared.  As shown by Figure 6-5, the 
approximation for the slope equation has an error of approximately 2% when compared 
to the exact slope equation.  Since the error is small, the simplified equation will be used 
to evaluate the influence of the bell crank on the system dynamics. 

 
Figure 6-5. Exact and approximation push rod slope functions 
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As shown in Figure 6-6, a noticeable component of the bell crank force is transmitted to 
the blade in the flap direction.   For the dual-axis forced displacement system discussed in 
Chapter 3, the flap forces produced by the bell crank are not significant compared to the 
flap forces because the system is operating away from the resonance frequency.  Since 
the forced-displacement system controls the blade displacement directly, the bell crank 
load variation does not affect the fatigue test.  Since the resonance test system relies on 
smaller flap forces to provide the target displacement, the flap force component 
contributed by the bell crank must be considered in the dynamic analysis of the system.    

 
Figure 6-6. Relative alternating forces applied by the bell crank linkage 

 
The influences of the bell crank have been added to the dynamic model.  The system is 
shown in state space form in Equation 6.19.  Note that the flap and lead-lag blade 
displacements are not coupled in the dynamic matrix but are coupled in the force matrix.  
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Where, 
    nxω  = Blade Lead-Lag Fundamental Frequency 
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    ζ  = Blade Damping Ratio 
    nyω  = Blade Flap Fundamental Frequency  
    xk  = Lead-Lag Bending Stiffness at Blade Tip 
    yk  = Flap Bending Stiffness at Blade Tip 
    xf  = Target Lead-Lag Bending Force at Blade Tip 
    yf  = Target Flap Bending Force at Blade Tip 
    L = Length of Bell Crank Linkage 

 
6.1.2 Phase Angle Progression 

As discussed in chapter 2 and in more detail in chapter 5, the phase angle between the 
flap blade displacement and the lead-lag blade displacement may vary for a variety of 
blade fatigue tests.  As a result, the control system will be analyzed for two variations of 
the test.  The first variation will have a constant phase angle between the flap and lead-
lag input forces.  The second variation will progressively vary the phase angle throughout 
the test.  The target input forces are shown in Equations 6.20-6.21. 
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Where, 
   y = Flap Direction 
   x  = Lead-Lag Direction 
   fx, fy = Target Force in the Flap and Lead-Lag Directions 
   Ax, Ay = Force Magnitude in the Flap and Lead-Lag Directions 

   ω  = Excitation frequency 
   iφ  = Phase Angle for ith cycle 

 
Each phase angle will be a step change from the previous phase angle.  For the controls 
analysis, a general phase angle progression based on the distribution in chapter 3 has 
been chosen.  Since the dynamic response of the system is based on the step change in 
phase angle, the system response to the general distribution will be similar to the system 
response for the optimal distribution that will be described in chapter 5.  The general 
phase angle progression was derived from the aggregate phase angle distribution 
described in chapter 2.  For reference, the phase angle distribution from Figure 2-38 is 
shown again in Figure 6-7. 
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Figure 6-7. Target phase angle distribution for 1.5-MW turbine 

 
The general phase angle progression was determined by weighting the above distribution 
by the total number of cycles.  This distribution was divided by the desired number of 
repetitions for a fatigue test and then each bin was rounded to the nearest whole number 
of cycles.  A phase angle time history was assembled by dwelling on each phase angle for 
the prescribed number of cycles before stepping to the next phase angle.  The result of 
compilation is shown in Figure 6-8.  This method for determining the phase angle history 
is useful for creating a generic phase angle history that results in the phase angle 
distribution shown in Figure 6-7. 
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Figure 6-8. Sample phase angle progression for complete fatigue test 

 
Having defined the system dynamics and input forces, controllers were designed to 
maintain system performance throughout a fatigue test.  Both PID and full-state feedback 
controllers were designed. 
  
6.2 PID Controller Design 

NREL currently uses PID controllers [135] to maintain adequate test performance for the 
Dual-Axis Forced-Displacement test described in previous chapters.  Current tests have a 
constant phase angle between the flap and lead-lag maximum displacements.  For this 
study, a PID controller has been designed for the Dual-Axis Resonance Test system.  The 
system response using a PID controller with constant and variable phase angles has been 
considered.  Since NREL already has the software and working knowledge required to 
operate PID controllers, it would advantageous to continue using this type of controller 
for the Resonance Test System if the performance were adequate.  The main purpose of 
this investigation is to determine which control strategies result in stable operation.  
 
6.2.1 PID Dynamic Simulation 

The dynamic system described above by Equations 6.22-6.24 was modeled using 
Matlab’s Simulink.  The block diagram for this system is shown in Figure 6-9.  The 
values for the PID were determined experimentally. 
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Figure 6-9. PID block diagram 

 
The resulting Simulink model for this system is shown in Figure 6-10.  The flap and lead-
lag equations of motion are contained in separate blocks but the systems are coupled by 
the nonlinear interaction between the flap and the lead-lag forces.  The delay between the 
controller signal and the actuator response has also been included.  This delay was 
measured for a specific actuator and generalized as approximately 0.05 seconds for the 
entire system. 

 
 

Figure 6-10. Simulink representation of resonance test system with PID controller 
 
 
 



 

 135

6.2.1.1 Constant Phase Angle Simulations 
 
Current fatigue tests use a PID control to maintain system parameters but these tests are 
also conducted with a constant phase angle.  While the phase angle is specified by the 
wind turbine blade manufacturer and depends on the force characteristics as described in 
chapter 2, the testing phase angle has traditionally been approximately 72 degrees for 
most large wind turbines.  From the study discussed in chapter 2, it can be seen that 72 
degrees is approximately the mean phase angle of the flap and lead-lag loads for the rated 
wind speed.  Although it is believed to be more accurate to test wind turbine blades with 
a variation of phase angles, it is still important to consider the effectiveness of the 
controllers for the traditional fixed phase angle case. 
 
As shown in Figure 6-11, the PID controller provides good dynamic performance for the 
flap displacement.  For the purpose of fatigue testing, it is important that the maximum 
and minimum flap displacement consistently repeat throughout the test.   

 
Figure 6-11. PID steady state blade flap displacement for constant phase angles 

 
The performance of the PID controller was also sufficient for the lead-lag displacement.  
Figure 6-12 shows that the lead-lag displacement extrema are consistent when a fixed 
phase angle is maintained between the flap and lead-lag input signals. 
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Figure 6-12. PID steady state lead-lag displacement for constant phase angles 
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6.2.1.2 Progressive Phase Angle Simulation 
 
Since the phase angle between the flap and lead-lag displacements do vary during actual 
operation, it is believed that varying the phase angles during testing will result in a more 
accurate fatigue test.  While the validity of this claim will be discussed in more detail in 
chapter 5, the variation in phase angle presents interesting dynamic challenges for the 
system controller.  As such, the effect of applying step changes to the phase angle during 
testing has been considered in this study. 
 
As shown in Figure 6-13, the change in phase angle causes an unstable displacement 
response for the blade.  This behavior could be related to several of the system 
characteristics.  The interdependence of the flap and lead-lag displacements make it 
possible for either of the ‘systems’ to cause instability for the entire blade.   
 

 
Figure 6-13. PID flap blade response for progressive phase angles 

 
Since the lead-lag fundamental blade frequency is different from the flap fundamental 
frequency and therefore the excitation frequency, the amplification between the lead-lag 
force and lead-lag displacement is relatively small.  As a result, any step response in the 
target lead-lag displacements will result in large lead-lag forces.  While this behavior is 
undesirable, it is difficult to remove using the PID controller.   
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6.2.2 Summary 

The PID controller is well suited to control the blade response during fatigue testing of 
wind turbine blades when a constant phase angle exists between the flap and lead-lag 
target displacements.  When the phase angle between the flap and lead-lag target 
displacements is varied, the resulting blade response is less desirable.  The nonlinear 
system may experience instability when a step shift in phase angle is applied to the target 
lead-lag displacement.  While this behavior is undesirable, it should be noted that the 
blade system has been simplified for the purpose of this model.  Nonlinear damping and 
stiffness characteristics not modeled may result in a different blade response than the one 
simulated.  Although this study has shown that the PID controller is not well suited for 
controlling the blade response for a progressive phase angle fatigue test, it would still be 
advantageous to experimentally validate these findings.  
 
6.3 Full-State Feedback Controller Design 

While the PID controller has certain advantages, such as already being installed and well 
understood by NREL staff, it also has certain disadvantages.  The PID parameters are 
largely determined by empirical methods.  When a problem in the system response is 
detected, it may be difficult to determine the best set of parameters that result in the best 
performance.  While it is possible to apply an optimization scheme such as LQR, the PID 
control has a limited degree of flexibility to improve the problem.  For linear systems, a 
full-state feedback controller can be designed using more straightforward methods than 
the PID controller.  For the purpose of this analysis, the blade/test plant was linearized 
about the mean operating condition and pole placement was used to contour the system 
response.  The main purpose of this investigation is to determine if the full-state feedback 
controller can result in stable operation during fatigue testing.  
 
6.3.1 Linear Equations of Motion 

The nonlinear interaction between the flap and lead-lag forces was linearized around the 
mean blade response.  In this case, the mean blade response has a value of zero for the 
lead-lag displacement.  The resulting linearized blade equation of motion is shown in 
Equation 6.22. 
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To evaluate the system performance, the root locus of the linearized system was 
calculated.  The pole locations for the target blade are shown in Figure 6-14. 
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Figure 6-14. Root locus for linear blade model 

 
6.3.2 Control Strategy 

Pole placement was used to contour the blade dynamics.  When using pole placement, 
some or all of the existing system poles are moved from an undesirable location to a more 
optimal location.  The system dynamics are controlled by adding a set of zeros that cancel 
out the unwanted poles and a new set of poles at the desired location.  In many cases, the 
poles are moved further into the left half plane to increase the overall system stability.  In 
other cases, the poles are moved away from the frequency of excitation to avoid 
unwanted resonance excitation.  In this case, a different pole placement strategy has been 
used. 
 
As shown in Figure 6-15, the lead-lag poles have been moved to coincide with the 
excitation frequency.  Effectively, the damped natural frequency of the controlled lead-
lag equation of motion has been modified to coincide with the natural frequency of the 
flap equation of motion. 
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Figure 6-15. Pole placement control strategy for linear blade model 

 
In most cases, it would be undesirable to change the resonance frequency to coincide 
with the excitation frequency.  In this case, the primary target response of the blade 
agrees with the flap natural frequency.  Any input forces that result in frequencies other 
than the flap resonance frequency are undesirable.  By moving the lead-lag natural 
frequency to match flap natural frequency, the inputs from the lead-lag actuator are being 
weighted by the amplification ratio distribution shown in Figure 6-16.  The forces 
generated by the lead-lag actuator in the flap direction are subsequently being attenuated 
by more than two orders of magnitude.  So in this instance, placing the system poles on 
the excitation frequency is an effective way to mitigate input disturbances. 
 



 

 141

 
Figure 6-16. Amplification factor for SDOF system with target blade damping 

 
 
The results of the control strategy illustrated above were evaluated for the linearized 
system for which it was designed and for the original nonlinear system. 
 
6.3.3 Simulation of Linear Model with Control 

The linear system described above was modeled in Simulink and evaluated with a 
constant phase angle (72 degrees) and the progressive phase angle distribution described 
earlier in this chapter.  The Simulink model for the linear system with full-state feedback 
is shown below in Figure 6-17. 
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Figure 6-17. Simulink model for linearized blade and resonance test system 
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6.3.3.1 Simulation of Linear Model with Constant Phase Angles 
 
The full-state feedback controller results in good dynamic performance for the blade.  As 
shown in Figure 6-18, the flap displacement is fairly consistent when using the full-state 
feedback controller.  There is actually more variation in the flap displacement extrema for 
the full-state feedback system than was present for the PID controller. 
 

 
Figure 6-18. Full-state feedback blade flap response for constant phase angles 

 
The lead-lag response using full-state feedback was very similar to the flap blade 
response.  As shown in Figure 6-19, the performance for the lead-lag blade response was 
good but shows more variation than was present when using a PID controller. 
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Figure 6-19. Full-state feedback lead-lag response for constant phase angles 

 
In general, the full-state feedback performance was good for the linearized model.  Since 
the model parameters were designed for the linear system, this result is not particularly 
surprising.  Some variation in the displacement extrema was present but additional 
damping could be added to the system if desired. 
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6.3.3.2 Simulation of Linear Model with Progressive Phase Angles 
 
The response of the linear system to a step change in phase angle was also investigated.  
The Simulink model used in the previous section was also used for this simulation.  The 
blade’s response was allowed to reach steady state and then the phase angle between the 
flap and lead-lag actuator forces was changed.  The step change in actuator force takes 
place at approximately 4 seconds on Figures 6-20 and 6-21.  Figure 6-20 shows very little 
variation in the flap displacement.  Since linearizing the system also decoupled the flap 
and lead-lag blade responses, the flap actuator should not be affected by changes in the 
lead-lag actuator forces. 

 
Figure 6-20. Full-state feedback blade flap response for progressive phase angles 

 
As shown by Figure 6-21, the lead-lag displacement experiences higher extrema 
variations for several cycles after the shift in phase angle.  The blade response remains 
stable and after a number of cycles (not shown) the extrema variations decrease.  
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Figure 6-21. Full-state feedback lead-lag response for progressive phase angles 

 
While the behavior of the linear system with full-state feedback are of interest, it is not 
possible to compare these results to the simulation for the PID controller since the PID 
control responses were for the nonlinear model. 
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6.3.4 Simulation of Non-linear Model with Control 
 
The nonlinear interaction between the flap and lead-lag forces has been added to the 
Simulink model shown in Figure 6-22.  The full-state feedback controller designed for 
the linearized system has been utilized for this study.  The dynamic responses of the 
blade to a constant phase angle history and a progressive phase angle history have been 
investigated. 
 

 
Figure 6-22. Simulink model for non-linear blade and resonance test system 
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6.3.5 Simulation of Non-Linear Model with Constant Phase Angles 

As shown in Figure 6-23, the flap displacement for the nonlinear system is fairly good.  
The variation in the flap displacement extrema is relatively small but still larger than the 
variation produced by the PID controller shown in Figure 6-11. 
 

 
Figure 6-23. Full-state feedback blade flap response for constant phase angles 

 
The variation in the lead-lag displacement extrema is also relatively small as shown by 
Figure 6-24.  While moving the poles to add more damping to the system may result in 
better dynamic blade responses, it seems clear that both the full-state feedback and PID 
controllers provide adequate control for the nonlinear blade model with constant phase 
angles. 
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Figure 6-24. Full-state feedback lead-lag response for constant phase angles 

 
6.3.6 Simulation of Non-Linear Model with Progressive Phase Angles 

In general, the performance of the PID controller for constant phase angle loading is 
acceptable.  As was shown above in Figure 6-13, the blade response for the PID 
controller with progressive phase angle loading was unstable.  As a result, a full-state 
feedback controller has been designed.  As shown in Figure 6-25, the full-state feedback 
controller designed using the control strategy described above results in stable operation.  
The flap displacement extrema for this controller are relatively small.  As described 
previously, the lead-lag actuator force experiences a step change in the phase angle at 
approximately 4 seconds on Figures 6-25 and 6-26. 
 



 

 150

 
Figure 6-25. Full-state feedback blade flap response for progressive phase angles 

 
The dynamic response of the blade in the lead-lag direction also shows stable operation 
as demonstrated in Figure 6-26.  While the step change in phase angle results in an 
unstable system when using the PID controller, the full-state feedback controller provides 
stable operating conditions.    
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Figure 6-26. Full-state feedback lead-lag response for progressive phase angles 

 
6.4 Summary 

Although more analysis could be performed on both the PID and full-state feedback 
controllers, the objective of the controller design and analysis (i.e., the design of a 
controller capable of maintaining consistent and stable operation) has been achieved.  
The control capabilities of the current testing facility are limited by software 
considerations but the current software does support adaptive control.  More analysis on 
how adaptive control could be used to optimize system performance should be conducted 
as part of a future research project.  For this project, the advantages and limitation of the 
PID and full-state controllers have been identified.  The PID controller is well suited to 
regulate the flap and lead-lag displacements for fatigue testing under current NREL 
loading conditions where the flap and lead-lag forces have a constant phase angle 
throughout the test.  The PID controller is ill suited for regulating the blade response 
when step changes in the phase angle occur.  A general design strategy has been 
described and evaluated that allows for the design of a full-state feedback controller 
capable of providing stable operation when the phase angle between the flap and lead-lag 
fatigue loads are allowed to vary.  Additional control studies should be conducted on the 
actual blade and test system.  Parameters not taken into account for this analysis, such as 
hydraulic line impulses, may prove to have a significant impact on the actual system 
performance.  To implement the full-state feedback controller, additional control software 
must be installed on the test system. 
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Chapter 7.  Experimental Validation of Resonance Test 
System 
 
This chapter evaluates the accuracy of the modeling and analysis conducted in previous 
chapters.  For this analysis, data was collected on a 1.5MW wind turbine blade subjected 
to single-axis and dual-axis excitations.  Strain gauges were placed along the surface of 
the blade at regular intervals and used to compare the effects of using the resonance test 
system to the forced-displacement test system currently in use.  The results show that the 
resonance test system can accurately reproduce the fatigue results of the current test 
system.       
 
7.1 Objective of Experimental Evaluation 

The analysis performed in previous chapters shows that it is possible to closely simulate 
the same fatigue test results using either a resonance test system or a forced-
displacements system.  Since this analysis was performed for a generic wind turbine 
blade, the results should be valid for a range of blade sizes and configurations.  To 
demonstrate this point, a specific blade has been selected for testing.  The same methods 
used to optimize the fatigue test conditions for the generic blade have been applied to the 
specific test blade.  By subjecting the specified test blade to resonance testing and forced 
displacement testing, a comparison of the two methods has been made to demonstrate 
that validity of the previous chapter’s analysis.  
 

7.2 Test Blade 

In order to obtain a test blade, the National Renewable Energy Laboratory submitted a 
solicitation for a Cooperative Research and Development Agreement (CRADA) to large 
blade manufacturers.  GE Wind responded to the solicitation and agreed to supply a blade 
to be used to validate the new test method.  As part of the CRADA, the proprietary 
material and structural properties of the wind turbine blade will not be published.  
Subsequently, the test results will be normalized so that propriety information cannot be 
derived from the results.  Generally, the blade used for this test was a 37-meter long blade 
designated by GE Wind as 37a.  The test blade is a good representation of blades 
currently being manufactured and is made entirely of composite material (fiber-
reinforced plastic, balsa wood, etc.).  This size of blade is sufficiently large to 
demonstrate the load accuracy, the test time savings and the energy cost reductions 
presented by the new test method. 
 
7.3 Resonance Test System 

As discussed throughout this document, a new test system has been developed to test 
large wind turbine blades.  A significant amount of the effort required to complete this 
project has been used to create the test system.  As such, the design and configuration of 
the test system will be described in this section.  The most significant development of the 
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new resonance test system is the excitation load frame assembly.  As shown in Figure 7-
1, the load frame supports a 450 kg mass that is attached to the end of a 15 kip – 20-inch 
stroke hydraulic actuator.  A 1.5-inch diameter chrome shaft is used to guide the 450 kg 
mass in a linear path. 
 

 
Figure 7-1. RTS load frame assembly 

 
The load frame is attached to the target blade using wooden saddles similar to the saddle 
shown in Figure 7-2.  In the final configuration, the saddles are supported with steel 
beams and clamped to the blade using 5/8” diameter all-thread.  Pouring a rubber 
compound between the saddle and blade controls the interface between the two surfaces 
and reduces stress concentrations that could be induced into the blade.  A total of four 
saddles were attached to the target blade.  Two of which were used to secure the load 
frame assembly. 
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Figure 7-2. Wooden blade saddle 

 
The load frame assembly was attached to the saddles using rubber isolation mounts 
manufactured by Lord Corporation.  As shown in Figure 7-3, the frame was attached to 
two blade saddles using a total of four rubber isolators.  The rubber mounts have a voided 
center that reduces the mounts resistance to bending while retaining a high stiffness in the 
vertical direction. 
 

 
Figure 7-3. Load Frame Assembly Mounts 
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Of the four blade saddles, two saddles were used to contour the blade’s mode shape.  In 
this case, the mode shape was modified to produce a bending moment distribution similar 
to the bending moment resulting from the forced-displacement test system.  As shown in 
Figure 7-4, the amount of weight carried by the saddles can be easily adjusted by adding 
or removing steel bars attached to the saddles using 1.5-inch diameter all-thread. 
  

 
Figure 7-4. Adjustable blade masses 

 
7.4 Mode Shape Comparison 

The mode shape for the test blade was modified by adding masses to the blade at specific 
locations based on the results of an optimization routine.  The predicted mode shape and 
fundamental frequency of the blade were calculated using a finite element model.  The 
actual mode shape was measured using two accelerometers placed along the blade.  The 
acceleration at the two measurement locations was compared to the predicted 
accelerations.  As shown in Figure 7-5, the measured accelerations agree very closely 
with the predicted values. 
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Figure 7-5. Comparison of predicted and actual blade accelerations 

 
The close correlation between the measured and actual accelerations indicates that the 
finite element model, optimization routine and predicted blade properties accurately 
represent the actual blade system.   
 
7.5 Single-Axis Strain Comparison 

The blade mode shape determines the bending moment distribution applied along the 
blade during testing.  However, other factors may influence the local strain at each point 
along the blade.  In order to compare the influence of using the resonance test on the 
actual strain levels, strain gauges were applied to the blade at regular intervals along the 
blade length.  The blade was then exercised in the flap direction to the target 
displacement levels using an actuator connecting the floor and blade, as shown in Figure 
7-6.  Note that the blade is turned over (top to bottom) for the resonance test system when 
compared to the forced displacement system.  This change is required to apply the proper 
mean flap load during resonance testing. 
 

Accelerometer 
Measurements 

Predicted 
Accelerations
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Forced Displacement 

 
Resonance Excitation

 
Figure 7-6. Single axis test configurations 

 
The extrema strain values for each strain gauge were collected for one hundred cycles for 
the forced-displacement and resonance tests.  For the initial resonance test, the blade was 
intentionally excited less than required to damage the blade.  As shown in Figure 7-7, the 
alternating strains for the resonance test were approximately 10% less than the strains for 
the forced displacement test.  It should be noted that the forced displacement test has a 
different moment distribution than the resonance test system.  As a result, the difference 
between the two test systems will never be zero for all points along the blade.  

 
Figure 7-7. Comparison of blade strains (initial test) 
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The resonance test amplitude was increased by 10 percent to determine if the strain 
measurements increased linearly.  As shown in Figure 7-8, a 10 percent increase in 
displacement results in a approximately a 10 percent increase in the blade strains.  The 
mean difference in strains between the forced-displacement test and the second resonance 
test was approximately zero percent.  As noted before, it is not possible for the forced-
displacement test and resonance test to agree for every strain gauge. 

 
Figure 7-8. Comparison of blade strains (second test) 

 
The ability of the test methods to consistently achieve the same strain levels is also 
important.  As shown by Figure 7-9, each test method results in a little scatter in the 
strain gauge values for the strain gauge further from the root.  The data shown represents 
approximately 200 cycles of operation. 
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Figure 7-9. Strain range distributions for both test methods 

 
The standard deviations for the two test methods were approximately the same but the 
resonance test system was able to maintain proper strains slightly better as shown by 
Figure 7-10.  More advanced control strategies could result in better consistency for both 
test methods. 
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Figure 7-10. Comparison of blade strain STD for the single-axis tests 

 

7.6 Dual-Axis Testing 

In principle, the dual-axis system is simply the superposition of the individual flap and 
lead-lag forces.  Since the displacements in the lead-lag direction are the same for both 
test systems, the differences in strain for the dual-axis test are completely dependent on 
the relationship of the strains in the flap direction.  Since this difference was evaluated in 
the previous section, it will not be addressed again in this report.  The main purpose of 
the testing the dual axis system is to demonstrate that the system exhibits stable 
operation. 
 
As shown in Figure 7-11, the edge actuator applies a load to the blade through a bell 
crank.  Due to space constraints, the edge actuator has been moved from the north side of 
the test facility to the south side for use with the resonance test system.   
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Figure 7-11. Dual-axis test configuration 

 
The two dual-axis test methods were operated for a short time to determine the steady-
state operating conditions for each configuration. 
 
7.7 Operating Conditions 

Maintaining testing accuracy is important to this project but the main object of this 
research is to create a test system capable of testing the next generation of wind turbine 
blades.  In order to accomplish this, the new test system must be capable of cycling the 
blade at a much faster rate while using less energy.  The actual result for the single-axis 
fatigue tests are shown in Table 7-1.  As shown, the resonance test system provides are 
much more efficient methods for fatigue testing 37 meter blades.  As blades become 
longer, the resonance test system will become an even more attractive method for fatigue 
testing. 

Table 7-1. Single-Axis Operating Conditions 

 
 
Since the edge actuator has the same restrictions in both cases, the advantages of the 
resonance system are somewhat blunted for dual-axis testing.  As shown in Table 7-2, the 
advantages are still significant for the dual-axis resonance system even if they are less 
spectacular than the single-axis scenario. 
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Table 7-2. Dual-Axis Operating Conditions 

7.8 Summary 
 
The resonance test system is capable of duplicating the fatigue test results of the current 
forced-displacement test system.  The advantages of the resonance test system are that it 
takes much less time to perform a complete fatigue test, the energy cost are significantly 
less and hardware costs will be mitigated when larger wind turbine blades need testing.  
Additional evaluation of the resonance system in combination with advanced controller 
designs and variable phase angle strategies should be conducted to further improve the 
testing capabilities of the system. 
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Chapter 8.  Summary, Conclusions and Recommendations 
 
This chapter provides a summary of the research presented in the previous chapters.  It 
provides a description of the results as well as recommendations for future research 
related to the fatigue testing of utility scale wind turbine blades. 
 
8.1 Summary and Conclusions 

The research conducted for this project was designed to improve the overall state of wind 
turbine blade testing by creating a better understanding of how testing parameters effect 
the results of full-scale fatigue tests and by developing a new fatigue test method that is 
faster, cheaper and more accurate than any existing test method.  The goals of this project 
can be divided into twenty items as shown in section 1.4:  
 

1. Determine appropriate wind turbine size to be used in this analysis (section 
2.2), 

2. Obtain simulated wind turbine blade bending moment time histories in the 
flap and lead-lag directions (section 2.3), 

3. Create a definition for the relationship between the two blade loads (section 
3.3.1), 

4. Evaluate the phase relationship between the flap and lead-lag bending 
moments for the target wind turbine blade size for various wind speeds and 
determine an aggregate phase angle distribution representative of general 
operating conditions (sections 3.3.2-3.3.4), 

5. Use a finite element model of the target blade to evaluate the influence of the 
phase relationship between the bending moments on the nodal strains (section 
3.4), 

6. Use Miner’s Rule to determine the possible impact on fatigue lifetime 
predictions of switching from the constant phase angle fatigue tests currently 
used by the wind turbine industry to a variable phase angle fatigue test 
representative of the phase angle distribution determined by this research 
project (section 3.5), 

7. Determine an appropriate phenomenological fatigue damage model for 
composite blade material and determine the appropriate model parameters 
using the Department of Energy material database (sections 4.1-4.2), 

8. Evaluate the influence of phase sequencing on the accumulation of fatigue 
damage (section 4.3),  

9. Optimize the phase time history with respect to total damage accumulation 
using a conjugate method optimization routine (section 4.3.3), 

10. Propose a phase time history for use with variable phase angle fatigue testing 
(section 4.4), 

11. Analyze current blade fatigue testing methods and their performance (section 
5.1), 
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12. Determine blade properties (EI, damping ratio, etc.) for target wind turbine 
blade and build a beam finite element model of the blade in the test 
configuration (section 5.2), 

13. Analyze a new fatigue testing method that has been developed as part of this 
research project and compare its performance to current testing systems 
(section 5.3), 

14. Perform an optimization of the new test system with respect to test bending 
moment distributions (section 5.3), 

15. Create a dynamic model of the blade and test system (section 6.1), 
16. Design and evaluate the performance of a PID controller for constant phase 

angle fatigue tests and for variable phase angle fatigue tests (section 6.2), 
17. Design and evaluate the performance of a full-state feedback controller for 

constant phase angle fatigue tests and for variable phase angle fatigue tests 
(section 6.3), 

18. Analyze, design and build the new test system and related hardware (section 
7.3), 

19. Evaluate the new test systems performance on an actual blade (sections 7.3-
7.7), 

20. Establish the limitation of this analysis and make recommendations for future 
analysis and testing improvements (sections 8.1-8.2). 

 
Each goal was achieved during the course of this project as summarized below. 
 
The analysis conducted for this project was for a specific wind turbine blade size.  The 
methodology is valid for any blade but only the most relevant blade size has been 
analyzed in this project.  The catalyst for this project is the constantly increasing size of 
wind turbine blades.  As blades have gotten larger, traditional methods used to fatigue 
test blades have become less practical.  At the same time, the operating loads applied to 
the blades have gone from predominately single axis loads (flap only) to multi-axis loads 
(flap and lead-lag).  While test facilities have recently begun to apply dual-axis test loads 
to the blades, a detailed analysis of the how the phase relationship between the test loads 
effects the test results has not been conducted before this study.  With these concepts in 
mind, a target blade was selected for this analysis.  A 37-meter long blade, which 
corresponds to a 1.5-megawatt wind turbine, was selected for this study because it is the 
largest wind turbine blade that has subjected to a dual-axis fatigue test.  While some 
prototype 50-meter blades do exist, the systems analysis and data collection required in 
order to perform this research project have not been completed on these blade sizes.  
Also, it was possible to obtain a 37-meter wind turbine blade for evaluating the new test 
system design as part of this project.  The target turbine is described as a 1.5 MW 
variable-speed pitch-controlled wind turbine with 37-meter fiber-reinforced composite 
blades. 
 
To perform the data analysis required by this project, it was necessary to obtain a time 
histories of the flap and lead-lag bending moments for a 1.5 megawatt wind turbine blade 
working during range of operating conditions.  As described in chapter 2, a dynamic 
model of a generic 1.5 MW wind turbine was created as part of the WindPACT research 
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program.  The flap and lead-lag bending moment time histories used for the research 
project presented in this dissertation were achieved by simulating the generic wind 
turbine’s response to IEC class Ia wind conditions. 
 
One goal of this project was to determine how the flap and lead-lag bending moments 
interacted with each other to cause fatigue damage on wind turbine blades and then to 
determine how best to account for this interaction during fatigue testing.  Since this 
analysis had not been performed prior to this research project, what is meant by the 
interaction between the flap and lead-lag bending moment had to be defined.  Since the 
dual-axis fatigue test system used by the wind industry is capable of having only one 
phase relationship between the test loads per applied test cycle and the spectral content of 
the flap and lead-lag bending moments indicate that the majority of operating loads are 
applied with a frequency of once per rotor revolution, it was decided that the load 
interaction analysis should result in a single value per rotor revolution.  To accomplish 
this objective, the interaction between the operating loads was defined by a term called 
“phase angle” that is defined to be the change in rotor angle between the location of the 
maximum flap bending moment and maximum lead-lag bending moment as shown in 
chapter 3. 
 
Using this definition, it was possible to quantify the relationship between the operating 
loads and to establish how this quantity varies during operating conditions.  As shown in 
chapter 3, the variation of the phase angle is substantial for all wind speeds.  The phase 
angle distribution for each wind speed was weighted by the IEC class Ia standard 
Rayleigh wind speed distribution to compile the distribution into a single aggregate 
distribution.  As shown by this research project, the aggregate phase angle distribution 
has a mean of 72 degrees and a standard deviation of 54 degrees.  This is a significant 
result considering that all dual-axis fatigue tests are conducted with a single constant 
phase angle. 
 
To evaluate the impact that the phase angle has on fatigue damage accumulation, a three-
dimensional wind turbine blade finite element model was used.  This model was 
originally used as part of the WindPACT blade scaling studies but was modified to 
represent the blade in the as-tested condition.  As shown in chapter 3, flap and lead-lag 
test loads were applied to the blade model at every phase angle.  This analysis was used 
to produce time histories for the strain at each node.  For the purpose of this analysis, 
three cross-sections of the blade were considered in detail.  The three sections correspond 
to the root, maximum chord location and a mid-span airfoil cross-section. 
 
The strain time histories for each node on each of the three cross-sections have been used 
to calculate the fatigue damage accumulation resulting from each phase angle.  As shown 
in chapter 3, Miner’s Rule has been used for most of the fatigue damage modeling.  The 
strain time histories at each node have been used to calculate the alternating strain applied 
to each location for each phase angle.  Using a strain-cycle curve experimentally 
determined by Montana State University for wind turbine blade composite material, the 
number of cycles that must be applied to the blade for failure to occur at each node for 
each phase angle induced time history has been calculated.  This value has been used in 
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conjunction with Miner’s Rule to calculate the actual fatigue damage that is accumulated 
for constant phase angle fatigue tests.  As shown in chapter 3, this result has been 
compared to the fatigue damage accumulated at each node location if the phase angle 
distribution that was determined earlier in chapter 3 were applied during testing.  This 
analysis indicates that constant phase angle testing is not representative of operating 
conditions.  Constant phase angle testing, which is the industry standard, will not test 
certain areas of win turbine blades sufficiently and if material defects are present, 
constant phase angle testing has less of a probability of finding the defect (via blade 
failure) than variable phase angle testing. 
 
Since full-scale fatigue tests have traditionally used constant amplitude loads with a 
constant phase relationship, the potential effect of sequencing the test loads was not 
relevant and has not been previously considered.  Since the research presented in this 
document suggests using a variable phase angle between the test loads, the influence of 
phase sequencing is important.  Since the fatigue damage accumulation law used for most 
of the analysis (Miner’s Rule) is not capable of demonstrating the influence of sequences, 
a new damage accumulation model was derived and employed.  As shown in chapter 4, 
the damage accumulation model was derived from Paris’s Equation, which is commonly 
used to describe delamination for composite materials.  The model’s exponent was 
determined using material properties experimentally determined for composite blade 
material at Montana State University.   
 
Using this nonlinear damage accumulation model, the influence of applying different 
sequences of phase angles that still result in the same overall phase angle distribution was 
evaluated.  This analysis indicates that a sequence where the phase angles are grouped 
will results in less damage than a sequence where the phase angles are distributed.  As 
shown in chapter 4, this relationship has been evaluated and it was shown that this 
characteristic is dependent on the damage model exponent and subsequently the material 
fatigue properties.  As long as the fatigue properties of the material results in a fatigue 
damage accumulation model exponent of less than 1.0, a well dispersed phase angle 
sequence will result in the most damage.  If blades are constructed of other materials in 
the future such as carbon fiber, this analysis should be considered. 
 
In addition to evaluating the impact that different phase angle sequences have on the total 
damage accumulated, it was desirable to determine the most and least damaging sequence 
to bound this aspects influence.  The influence of that phase angle sequencing has on 
damage accumulation been bounded but there exists no unique most damaging phase 
angle sequence.  As shown in chapter 4, there are numerous phase angle sequences that 
can produce the most damaging scenario.  This analysis also shows that different 
sequences of phase angles that have the same overall distribution result in different 
magnitudes of damage but not the relative distribution of damage around the airfoil. 
 
Based on this analysis, a variable phase angle time history has been proposed for fatigue 
testing of wind turbine blades.  This analysis was used to evaluate the capabilities of the 
different controllers in chapter 6.  It was not in the scope of this project to implement 
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variable phase angle testing but clear the analysis conducted in this research suggests that 
this aspect must be considered for future full-scale fatigue testing. 
 
At the heart of this project, is the need for a better understand and improved methods for 
performing full-scale fatigue tests on wind turbine blades.  As described in chapter 1, 
wind turbine blade testing facilities face challenges that other industries do not.  One 
solution to this problem would be to implement the types of testing systems that are used 
in the aerospace and automotive industries but the wind industry lacks the resources and 
market stability required for an investment of this enormity.  The work conducted as part 
of this research project produces a solution to many of the problems facing wind industry 
testing facilities but before developing a new solution, the currently blade testing systems 
were analyzed and compared.  As described in chapter 1 and chapter 5, there are two 
types of full-scale blade fatigue test systems: a single-axis system that doesn’t accurately 
test the blade, and a dual-axis system that requires huge amounts of energy to operate.  
The power and equipment costs for the dual-axis test system substantially increase for 
larger blades making this system increasing less practical as the wind industry evolves.  
A new solution is warranted and because of this research project now exists. 
 
As part of the design and evaluation of the new test system, a beam finite element model 
of the wind turbine blade in the test configuration was created.  The model was created 
using stiffness (EI) data provided by the blade manufacturer in the flap and lead-lag 
directions.  The torsional degree of freedom was not considered in this analysis because 
the torsional fundamental frequency is an order of magnitude higher than the excitation 
frequency (based on experimental results) and torsional stiffness data were not available.  
As discussed in chapter 5, the finite element model was used to calculate the beam’s 
eigenvectors and eigenvalues in both the flap and lead-lag directions.  The fundamental 
frequency in the flap direction was also experimentally determined and found to be 
within 2% of the analytical value.  The damping ratio for the complete blade in the test 
configuration was also experimentally determined and found to be approximately 1% of 
the critical damping for this system.  
 
The model of the new test system was used to compare its performance with the existing 
test methods.  Based on the analysis shown in chapter 5, it was determined that the new 
test system could reduce energy consumption by at least 50% for the target 37-meter 
blade and can reduce the time required to perform a fatigue test by 50% as well.  These 
results were confirmed on an actual blade as shown in chapter 7. 
 
The beam finite element model was also used as part of an optimization algorithm 
designed to determine how closely the new test system can replicate existing dual-axis 
test systems.  As shown in chapter 5, the new test system can reproduce the bending 
moment distribution for the current dual-axis test system to within a few percent 
depending on which blade station is being considered.  The new test method also has 
additional flexibility in specifying the flap bending moment distribution that did not exist 
with the current dual-axis test method. 
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The eigenvalues calculated from the beam finite element model were used to create a 
dynamic model of the blade and test system.  As shown in chapter 6, the dynamic model 
was created in Simulink and used to design both a PID controller and a full-state 
feedback control for tests subjected to constant phase angle time histories and variable 
phase angle time histories. 
 
A PID controller was designed using the model shown in chapter 6 and its performance 
was analyzed under to two testing scenarios describe above.  This analysis shows that a 
PID control is capable of maintaining a stable and consistent dynamics blade response for 
a constant phase angle fatigue test.  Since only the constant phase angle test was 
implement for this project, the PID controller was used and as predicted it performance 
was adequate as shown in chapter 7.  The analysis indicates that the PID controller’s 
performance was not sufficient to be used with variable phase angle testing.  When 
disturbances are introduced to the system associated with varying the phase angle during 
testing, the PID controlled system can go unstable even though the eigenvalues are 
always negative. 
 
A full-state feedback controller was also designed using the dynamic model for the blade 
and test system.  This analysis shows that a full-state feedback controller designed using 
the methodology described in chapter 6 is capable of maintaining stable controller for 
both the constant phase angle-testing scenario and the variable phase angle-testing 
scenario.  These results were not experimentally evaluated because the current testing 
software available only supports PID controllers but this analysis shows that variable 
phase angle testing is viable if software upgrades are made. 
 
Once the new testing system was analyzed and shown to be practical, feasible and 
controllable, the next step was to design and build the system.  As shown in chapter 7, the 
new test system was design to sit on top of the test specimen.  This presented certain 
challenges such as running the hydraulic lines along the top of the blade.  None of the 
existing test system has hydraulic systems located on the blade (the single-axis test 
system uses an electric motor).  Additional design challenges were: finding a way to 
isolate the test system from the blade without influencing the blades motion and 
determining a way to attached the masses required to tune the blades operational 
displacement shape that still allowed the masses to be adjustable.  The solutions to each 
of these design challenges are shown in chapter 7. 
 
After implementing the new test system, some preliminary analysis was conducted to 
verify assumptions made during the analysis.  As shown in chapter 7, accelerometer 
measurements were taken to confirm that the actual displacement of the blade agrees with 
the predicted displacement.  The system was successfully controlled using accelerometer 
feedback and a PID controller. Strain gauge data were collected and analyzed to show 
that the new test system can reproduce the results of the current dual-axis test.  The new 
test system will require approximately 60% less energy for a complete fatigue test and is 
capable of performing the test at over twice the speed when compared to the current dual-
axis test system.  In each case, the results support the analysis that was conducted in 
chapters 5 and 6.  
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Overall, this research project has been highly successful.  A new test system has been 
created that will help reduce the overall cost of wind energy, provide wind turbine blade 
designers with the fastest, most accurate information available, and reduce the energy 
consumed in performing full-scale fatigue testing.  At the same time, this research project 
has shed light on a previously ignored aspect of fatigue testing.  By analyzing the 
influence that the phase relationship between the flap and lead-lag test loads has on the 
accumulated fatigue damage, this research project has shown that it is not accurate to 
ignore the variations in load phasing that occur during turbine operation and this term 
should be considered when specify a blade test program. 
  
8.2 Recommendations for Future Research 

This research has analyzed all aspects of fatigue testing large wind turbine blades and 
implemented a new fatigue test method that is more efficient than current methods.  
Additionally, the project has highlighted some area where further improvements could be 
made.  With the implementation of the new test system, it is now possible to apply more 
complex bending moment distributions than with the forced-displacement test system.  
As such, it would be advantageous to collect data for actual bending moments applied to 
the blades during operation.  This data could be used to in conjunction with an 
optimization routine to create a more accurate fatigue test than is currently possible. 
 
As part of the research presented in this document, the relationship between the flap and 
lead-lag bending moments has been analyzed.  Additional work remains for the 
implementation of the variable phase angle testing.  New control software may be 
required to fully implement the change.  The tuning and analysis of the dynamic system 
response presents an excellent opportunity for additional research.  A parametric analysis 
of the nonlinear influence contributed by the bell crank should be performed to determine 
the best method to reduce the control problems associated with variable phase angle 
testing (new bell crank design, a different mechanism, full-state feedback control, 
adaptive control, etc.). 
 
While a phenomenological nonlinear model has been used as part of this analysis, a more 
accurate model of blade failure could be developed.  Material testing performed by 
Montana State University indicate a very large amount of scatter when fitting the 
nonlinear models parameters.  For this analysis, the failure mechanism is dependent only 
on the axial strain even though a 3-D finite element model was used.  With sufficient 
research and testing, it may be possible to develop a more accurate phenomenological 
residual strength model based additional parameters available from the 3-D FEM. 
 
As wind turbine blades become larger, new materials are being employed to reduce 
overall operating expenses or to make the design feasible.  The impact of these new 
materials on the size and application of fatigue test systems should be analyzed.  As part 
of this analysis, historic values for blade properties as a function of length have been used 
to project some of the requirements to test larger wind turbine blades.  However, 
revolutionary changes in material properties may influence the overall blade properties at 
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unpredicted rates.  A parametric study of this nature would benefit designers of future 
testing facilities. 
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Appendix A 
Mass Optimization Code 

RTS_MASS_OPTI.m 
 

function [z,g] = RTS_MASS_OPTI(s); 
%Load R (Blade Station), mpl (Station Masses per unit length), EI (Station Stiffness) 
load blade.mat 
%Linearly Interpolate Blade Data 
[R,EI,mpl,MB] = expand(R,EI,mpl); 
% Shorten Blade to proper length 
[a,b] = min(abs(R-29)); 
R = R(1:b); 
EI = EI(1:b); 
mpl = mpl(1:b); 
[R,EI,mpl,MB] = expand(R,EI,mpl); 
%Target Moments: MS (Static Root Moment at Root), MD (Dynamic Root Moment at 
Root) 
% Mean Root Moment 1104 kNm 
% Alternating Root Moment 2699/2 
MS = 1104; 
MD = 2699/2; 
xa = 23.37; 
% R is from the end face 
Mmean = MS*(xa-R)/2+abs(MS*(xa-R))/2; 
Mmean = Mmean/23.37; 
Malt  = MD*(xa-R)/2+abs(MD*(xa-R))/2; 
Malt = Malt/23.37; 
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Driver_RTS.m 
 

%Stationary Mass Optimization Driver 
global numvar; 
global numcon; 
%Number of Stationary Masses 
numvar=3; 
%Number of Bending Moments Constraints(Mean, Alternating) 
numcon=1; 
% initial guess and bounds 
 
s  = zeros(numvar,1); 
su = zeros(numvar,1); 
sl = zeros(numvar,1); 
 
%Set Optimization Variable Bounds 
%Mass of Stationary Weight in kg 
sl = [1 1001 1]; 
su = [1000 1500 1000]; 
 
%Set Initial Optimization Variables 
SI = sl/2+su/2; 
 
% evaluation of initial design 
 
[z,g]=RTS_MASS_OPTI(SI) 
s = SI; 
 
% sequential convex program 
 
s = scp('RTS_MASS_OPTI','gradient',s',su',sl'); 
 
[z,g]=RTS_MASS_OPTI(s) 
 
save stmp 
 
freq 
s 
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Phase Angle Analysis Code 
 

Phase_Angle.m 
 

for ii = 1:360 
% pa = Phase Angle 
pa = ii; 
% Blade Cross-Section 1 
% Load Unit-Load Results from FEM 
load edge1; 
sze = sz/21000; 
load flap1; 
szf = sz/21000; 
t = [0:.01:2*pi+.01]; 
fm = 12500; 
fm = 0; 
fa = 15000; 
f = fm+fa*sin(t); 
 
em = 0; 
ea = 13000; 
e = em+ea*sin(t+pa/180*pi); 
 
szt = sze*e+szf*f; 
sz_peak(ii,:) = max(szt'); 
sz_val(ii,:) = min(szt'); 
 
[d(ii,:)]=strain_dam(nx,ny,szt); 
end 
 
for ii = 1:360 
% pa = Phase Angle 
pa = ii; 
% Blade Cross-Section 2 
load edge2; 
sze = sz/21000; 
load flap2; 
szf = sz/21000; 
t = [0:.01:2*pi+.01]; 
fm = 12500; 
fm = 0; 
fa = 15000; 
f = fm+fa*sin(t); 
 
em = 0; 
ea = 13000; 
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e = em+ea*sin(t+pa/180*pi); 
 
szt = sze*e+szf*f; 
sz_peak(ii,:) = max(szt'); 
sz_val(ii,:) = min(szt'); 
 
[d(ii,:)]=strain_dam(nx,ny,szt); 
end 
 
for ii = 1:360 
% pa = Phase Angle 
pa = ii; 
% Blade Cross-Section 3 
load edge3; 
sze = sz/21000; 
load flap3; 
szf = sz/21000; 
t = [0:.01:2*pi+.01]; 
fm = 12500; 
fm = 0; 
fa = 15000; 
f = fm+fa*sin(t); 
 
em = 0; 
ea = 13000; 
e = em+ea*sin(t+pa/180*pi); 
 
szt = sze*e+szf*f; 
sz_peak(ii,:) = max(szt'); 
sz_val(ii,:) = min(szt'); 
 
[d(ii,:)]=strain_dam(nx,ny,szt); 
end 
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